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RÉSUMÉ 
Cette thèse a pour objectif d'explorer l'oxygénation cérébrale en exploitant un système de 
microscopie à deux photons combiné à un colorant phosphorescent sensible à la pression 
d’oxygène, le PO2. La combinaison du colorant phosphorescent au système à deux photons 
permet une mesure de l’oxygène avec une excellente résolution spatiale et temporelle, 
facilitant la recherche de sur l’oxygénation des tissus, en particulier dans les situations 
pathologiques. À cette fin, la microscopie laser à deux photons a d'abord été associée au 
colorant phosphorescent, tandis que d'autres techniques d'imagerie, y compris l'imagerie 
optique de signaux intrinsèques (ISOI), l'imagerie par résonance magnétique (IRM) et la 
tomographie par cohérence optique ont pu fournir des informations complémentaires dans les 
études qui ont été faites. Nos travaux ont visé l’étude de modèles murins de la maladie 
d’Azheimer (AD) pour explorer les altérations de l’oxygénation cérébrale dans ces modèles. 
Les résultats accumulés ont fait l’objet de publications qui ont été soumises à trois revues avec 
comité de lecture. 
Dans le premier travail, nous avons cherché à examiner 1) si l'oxygénation du cerveau est 
compromise par l'apparition de la maladie d'Alzheimer et 2) comment l'exercice physique 
volontaire module l'influence de la maladie d'Alzheimer sur l'oxygénation du cerveau. Bien 
que les contributions vasculaires à la démence et à la maladie d’Alzheimer soient de plus en 
plus reconnues, la perturbation potentielle de l'oxygénation du cerveau associée à la maladie 
et le fait que les stratégies de prévention visant à maintenir l'oxygénation des tissus soient 
bénéfiques ont des causes qui restent largement inconnues. Nos résultats montrent que la 
pression partielle d’oxygène du tissu cérébral (PO2) a diminué avec l'apparition de la maladie 
d'Alzheimer. Cette réduction de la PO2 était associée à la présence de petites zones spatiales 
presque hypoxiques, à une fraction accrue d'extraction d'oxygène et à une réduction du débit 
sanguin, observations qui ont toutes été annulées par l'exercice. L'Alzheimer et l'âge ont 
également accru l'hétérogénéité spatiale de l'oxygénation du tissu cérébral, qui fut par ailleurs 
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normalisée par l'exercice. Une coloration ex vivo du tissu cérébral a également montré moins 
de dépôts d'amyloïde-β (Aβ) dans le groupe d'exercice. Enfin, nous avons observé des 
corrélations entre la distance de course volontaire et l'oxygénation des tissus cérébraux / le 
flux sanguin, suggérant une relation dose-réponse de l'exercice sur le cerveau. 
Le deuxième article avait pour objectif de caractériser, dans une seconde cohorte de souris, les 
modifications de l'hémodynamique capillaire avec l’Alzheimer et le rôle modulateur de 
l’exercice, étant donné le rôle fondamental des capillaires dans le transport de l'oxygène vers 
les tissus et les bénéfices proposés de l’exercices pour la maladie d’Alzheimer. Nous avons 
constaté des altérations hémodynamiques et une densité vasculaire plus faible chez la souris 
Alzheimer, inversées par l'exercice. Nous avons en outre observé que les propriétés des 
capillaires étaient dépendantes de l'ordre des branches et que la stimulation évoquait des 
changements atténués par l’Alzheimer mais augmentés par l'exercice. Notre étude fournit de 
nouvelles informations sur les perturbations de la microcirculation cérébrale avec la maladie et 
sur le rôle modulateur de l'exercice volontaire sur ces altérations. 
Le dernier article avait pour objectif d’explorer les modifications de l’oxygénation des tissus 
évoquées par un stimulus dans le même modèle animal, et d’explorer plus avant les facteurs 
modulateurs, notamment l’exercice et l’hypertension, responsables de ces modifications. La 
microscopie à deux photons in vivo a été utilisée pour étudier les modifications locales de 
l'oxygénation du tissu cérébral avec la maladie et sa modulation par l'exercice et l'hypertension 
chez la souris transgénique suivant une stimulation des moustaches. Nous avons observé une 
décroissance plus rapide de la PO2 tissulaire entourant les artérioles et une plus grande 
hétérogénéité de la PO2 dans le groupe de pathologies doubles (AD et hypertension). Nos 
résultats ont également montré une valeur de base inférieure de la PO2 dans le groupe AD, 
exacerbée par l'hypertension artérielle alors qu'elle était inversée par l’exercice.  
Globalement, ces études suggèrent que l’oxygénation cérébrale compromise est un indicateur 
de l’apparition de l’Alzheimer, avec l’apparition de mécanismes délétères potentiels associés à 
l’hypoxie. L'exercice volontaire a amélioré le processus d'oxygénation neurovasculaire, offrant 
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potentiellement un moyen de retarder ces changements dans la maladie, alors que des maladies 




















   
 
ABSTRACT 
This thesis aims to explore the cerebral oxygenation by eploiting two photon microscopywith 
a phosphorescence PO2 sensitive dye. Combining the phosphorescence dye to the two-photon 
system enables better spatial and temporal resolution compared to other oxygen measurement 
methods (e.g., mass spectroscopy and polarography), facilitating the investigation of 
oxygenation in tissues especially in pathological situations. Toward this end, two-photon laser 
microscopy was combined with the phosphorescence dye first, while other imaging 
techniques, including intrinsic signal optical imaging (ISOI), magnetic resonance imaging 
(MRI), and optical coherence tomography (OCT) were also used to provide complementary 
information (e.g., changes of oxygenated hemoglobin, blood perfusion, and blood flow). All 
imaging methods were used to investigate a mouse model of Azheimer’s disease (AD) to 
explore the oxygenation alterations in the brain. Results from these studies have been 
submitted to three peer-reviewed journals. 
In the first endeavor, we aimed to examine 1) whether brain oxygenation is compromised by 
the onset of AD and 2) how voluntary exercise modulates the influence of AD on brain 
oxygenation. While vascular contributions to dementia and AD are increasingly recognized, 
the potential brain oxygenation disruption associated with AD and whether preventive 
strategies to maintain tissue oxygenation are beneficial remain largely unknown. Our results 
show that cerebral tissue oxygen partial pressure (PO2) decreased with the onset of AD. 
Reduced PO2 was associated with the presence of small near-hypoxic areas, an increased 
oxygen extraction fraction, and reduced blood flow. The observations were all reverted by 
exercise. AD and age also increased the spatial heterogeneity of brain tissue oxygenation, 
which was homogenized by exercise. Immunohistological staining also showed fewer 
amyloid-β (Aβ) deposits in the exercise group. Finally, we observed correlations between 
voluntary running distance and cerebral tissue oxygenation/blood flow, suggesting a 
dose-response relationship of exercise on the brain.  
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The second article aimed to characterize the changes in capillary hemodynamics with AD and 
the modulating role of exercise, given the fundamental role of capillaries in the oxygen 
transport to tissue and the propoosed benefits of exercise to AD. We found hemodynamic 
alterations and lower vascular density with AD, reversed by exercise. We further observed 
that capillary properties were branch order dependent and that stimulation evoked changes 
were attenuated with AD but increased by exercise. Our study provides novel insights into 
cerebral microcirculatory disturbances with AD and the modulating role of voluntary exercise 
on these alterations. 
The last paper aimed to explore the stimulus-evoked tissue oxygenation changes in the model 
of AD and further explore modulating factors, including exercise and hypertension, for these 
changes. In vivo two-photon phosphorescence lifetime microscopy was used to investigate 
local changes of brain tissue oxygenation with AD and its modulation by exercise and 
hypertension in the transgenic AD mice under whisker stimulation. We observed faster decay 
of tissue PO2 surrounding arterioles and more PO2 heterogeneity in the group of dual 
pathology (both AD and hypertension). Our results also showed lower baseline tissue PO2 
value in the AD group, exacerbated by hypertension but reversed by exercise.  
Overall, this these studies suggest that compromised brain oxygenation is an indicator of the 
onset of AD, with the emergence of potential deleterious mechanisms associated with 
hypoxia. Voluntary exercise enhanced the neurovascular oxygenation process, potentially 
offering a means to delay these changes in AD, whereas vascular disease such as 
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CHAPTER 1 INTRODUCTION 
1.1 Overview 
Alzheimer’s disease (AD) is a chronic neurodegenerative disease whose symptoms slowly 
occur and gradually worsen over time (Gaugler et al., 2018). According to a recent report 
(“Latest information and statistics,” 2018),  half a million Canadians live with AD-related 
dementia, and this number is expected to get doubled in the next ten years. Since AD brings 
significant burden to patients, their family members and caregivers, and the national health 
care system, understanding the mechanism of AD progression and potential treatment to 
delay or even cure AD patients is of great interest to healthcare practitioners and researchers.  
From a neurovascular perspective, AD can cause cerebral hypoperfusion and cerebrovascular 
disorders, which, in turn, impair normal neuron functioning and cognitive function (Grammas, 
2011; Iadecola, 2017, 2010a, 2004; Sweeney et al., 2011). The reduced supply of oxygen to 
brain tissue may not support the metabolic and oxidative demand of neuron cells, leading to 
cognitive malfunction. Beyond deleterious consequences on cognition (Iadecola, 2010a), AD 
has been associated with changes in brain vascular characteristics including thickening of 
endothelial basement membranes, variable capillary diameters and reduced capillary density, 
and pericyte loss. In addition, cerebral blood flow (CBF) may become uncoupled with the 
underlying tissue metabolic needs, leading to homeostatic imbalance and brain dysfunction 
(Devor et al., 2011). Since oxygen supply is essential for normal functioning of the brain and 
CBF needs to be finely regulated to meet neural metabolic demand, cerebral oxygenation 
represents an important marker of healthy versus unhealthy aging. Therefore, alterations of 
brain tissue oxygenation can indicate the functioning of brain and shed light on the 
mechanisms of neurovascular diseases from the perspective of oxidative metabolism.  
Combining a novel two-photon enhanced phosphorescent dye, PtP-C343, to the two-photon 
laser system enables better spatial and temporal resolution reaching depths of hundreds of 
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micrometers under the brain surface, facilitating the investigation of oxygenation in tissues 
especially in pathological situations. Therefore, two-photon laser microscopy was combined 
with the phosphorescence dye to quantify the cerebral oxygenation in neurovascular diseases, 
while other imaging techniques, including intrinsic signal optical imaging (ISOI), magnetic 
resonance imaging (MRI), and optical coherence tomography (OCT), were also used to 
provide complementary measurements.  
1.2 Organization of the thesis by objectives 
There are three objectives in this thesis, and each objective is associated with an article and 
relevant hypotheses.   
Objective 1: Monitor the changes of brain tissue oxygenation in a mouse model of AD 
(APP-PS1) and explore the modulating effect of voluntary exercise on oxygenation. 
Hypothesis 1-1: Brain tissue oxygenation is compromised by the onset of AD, expressed by 
attenuated tissue PO2, the presence of hypoxia, and heterogeneity of tissue PO2.   
Hypothesis 1-2: Exercise modulates tissue oxygenation alterations in AD, thus alleviating 
oxidative stress.  
Article 1:  Lu X, Moeini M, Li B, de Montgolfier O, Lu Y, Bélanger S, Thorin E, Lesage F, 
Voluntary exercise increases brain tissue oxygenation and spatially homogenizes oxygen 
delivery in a mouse model of Alzheimer's Disease. Neurobiology of Aging, (Provisional 
acceptance). 
 
Objective 2: Quantify the changes in capillary red-blood-cell (RBC) dynamics with AD and 
the modulation of exercise on cerebral capillaries to explore microvascular alterations in AD.  
Hypothesis 2-1: Capillary hemodynamic changes are associated with the presence of AD, 
expressed through capillary diameter, RBC flux, velocity, hematocrit variations, and the 
overall RBC flow.   
Hypothesis 2-2: Exercise plays a modulating role on the alterations of capillary RBC 
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dynamics.  
Article 2: Lu X, Moeini M, Li B, Lu Y, Damseh R, Pouliot P, Thorin E, Lesage F, Changes in 
capillary hemodynamics and its modulation by exercise in the APP-PS1 Alzheimer mouse 
model. Frontiers in Neuroscience (First-round review).  
 
Objective 3: Investigate the stimulus-evoked tissue oxygenation changes in a model of AD 
and further explore the modulating factors, including exercise and hypertension, for these 
changes. 
Hypothesis 3-1: The stimulus-evoked tissue oxygenation changes differ between AD mice 
and control mice.    
Hypothesis 3-2: Hypertension has modulating effects on the stimulus-evoked tissue 
oxygenation changes in AD. 
Article 3: Lu X, Moeini M, Li B, Thorin E, Lesage F, Hypertension accelerates cerebral 
tissue PO2 disruption in Alzheimer’s disease during stimulation. Neuroscience Letters, Under 
review. 
 
Beyond the above three peer-reviewed articles, my word directly, or through collaborations, 
led to other conference papers and co-authored journal articles published during the doctoral 
study. These publications resulted from my implication in performing experiments using 
two-photon microscopy or cerebral tissue oxygenation and are listed below for reference.  
 Moeini M, Lu X, Bélanger S, Picard F, Boas D, Kakkar A, Lesage F. Cerebral tissue 
pO2 response to stimulation is preserved with age in awake mice. Neuroscience 
letters. 2019, 699 (160-166). 
 Moeini M, Lu X, Avti PK, Damseh R, Bélanger S, Picard F, Boas D, Kakkar A, 
Lesage F. Compromised microvascular oxygen delivery increases brain tissue 
vulnerability with age. Scientific reports. 2018 May 29;8(1):8219. 
 Lu X, Moeini M, Li B, de Montgolfier O, Lu Y, Bélanger S, Thorin E, Lesage F. Brain 
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tissue oxygenation is modulated by voluntary exercise in AD awake mice. Brain & 
Brain Pet 2019 Conference, July 2019, Japan. 
 Lu X, Moeini M, Li B, Lu Y, Damseh R, Pouliot P, Thorin E, Lesage F, Effect of 
exercise on capillary red blood cell dynamics in transgenic AD mice. Brain & Brain 
Pet 2019 Conference, July 2019, Japan. 
 Lu X, Moeini M, Li B, Zhang C, Sakadžić S, Lesage F. 3D brain oxygenation 
measurements in awake hypertensive mice using two photon phosphorescence 
lifetime imaging. InMultiphoton Microscopy in the Biomedical Sciences XVIII 2018 
Feb 23 (Vol. 10498, p. 104981Y). International Society for Optics and Photonics. 
 Lu X, Moeini M, Li B, Sakadžić S, Lesage F. Voluntary exercise confers protection 
against age-related deficits in brain oxygenation in awake mice model of Alzheimer’s 
disease. InNeural Imaging and Sensing 2018 2018 Feb 12 (Vol. 10481, p. 104811G). 
International Society for Optics and Photonics. 
 Zhang C, Tabatabaei M, Bélanger S, Girouard H, Moeini M, Lu X, Lesage F. In vivo 
measurement of astrocytic endfoot Ca 2+ and parenchymal vessel responses during 
4-AP induced epilepsy using two-photon fluorescence lifetime microscopy. 
InMultiphoton Microscopy in the Biomedical Sciences XVIII 2018 Feb 23 (Vol. 
10498, p. 104980X). International Society for Optics and Photonics. 
 Zhang C, Tabatabaei M, Bélanger S, Girouard H, Moeini M, Lu X, Lesage F. 
Astrocytic endfoot Ca2+ correlates with parenchymal vessel responses during 4-AP 
induced epilepsy: An in vivo two-photon lifetime microscopy study. Journal of 
Cerebral Blood Flow & Metabolism. 2017 Feb;39(2):260-71. 
 Moeini M, Lu X, Tam T, Bélanger S, Kakkar A, Lesage F. Brain tissue oxygenation 
changes with age in awake mice. Cerebral Blood Flow and Metabolism. 37(57), 2017. 
 Lu X, Li B, Moeini M, Lesage F. Simultaneous two-photon imaging of cerebral 
oxygenation and capillary blood flow in atherosclerotic mice. InNeural Imaging and 
Sensing 2017 Feb 8 (Vol. 10051, p. 100510O). International Society for Optics and 
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Photonics. 
This thesis is structured as follows. The second chapter provides a literature review of brain 
function changes in pathology and the mechanisms by which such changes occur. The third 
chapter reviews various methods that can be sued to quantify brain oxygenation and elucidate 
the principles of the methods used in our studies and their advantages. The fourth, fifth, and 
sixth chapters present the articles submitted to peer-reviewed journals. The seventh chapter 
discusses these studies in general in the context of the objectives set, and the last chapter 
provides a brief conclusion over these studies.   
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CHAPTER 2 LITERATURE REVIEW 
2.1 Alzheimer’s pathology  
AD is characterized as a neurodegenerative disease and can lead to dementia whose 
symptoms include difficulties with memory, language, and other cognitive abilities for 
everyday activities (Gaugler et al., 2018). AD begins years before the dementia occurs, and 
people with AD experience various symptoms over different stages. In the early stage of AD, 
memory loss and cognitive impairments are sporadic, but becomes increasingly noticeable. 
However, most people are still capable to function independently. In the moderate stage, 
individuals experience more mental, personality, and physical changes, such as unpredictable 
mood swings and disorientation. In the severe stage, individuals depend on caregivers for 
basic activities of daily life, such as bathing, walking, and dressing. Eventually, their capacity 
to breathe, swallow, and verbally communicate is deteriorated, and AD is fatal in the final 
stage. Table 2.1-1 gives a summary of symptoms in different stages of AD. Currently, no 
effective treatment for AD exists, and much is yet to be explored about the early diagnosis of 
AD, and how AD could be treated or delayed for its progression (Gaugler et al., 2018).  
 
Table 2-1. Summary of symptoms in different stages of AD. 
Stages of AD Symptoms 
Early  Sporadic memory loss and cognitive impairments  
Moderate Mental, personality, and physical changes, such as 
unpredictable mood swings and disorientation 
Severe Incapability of engaging basic activities, such as bathing, 
dressing, and walking 




   
 
AD leads to progressive cognitive decline and irreversible damage to brain (Bero et al., 2012; 
Wang et al., 2012). A healthy adult brain has around 100 billion neurons to transmit signals 
through the brain’s neuronal network (Gaugler et al., 2018). However, toxic molecules 
accumulate in AD brains: beta-amyloid plaques deposit outside neurons cells and abnormal 
proteins tau accumulate inside neurons in the cortical area (Mueggler et al., 2003), an 
energetically demanding component of the brain for advanced cognitive functioning 
(Sakadžić et al., 2014). Beta-amyloid plaques interfere with the neuronal communication, 
whereas abnormal tau proteins block the transportation of nutrients inside neurons (Gaugler 
et al., 2018), thus leading to neuronal injury and neurodegeneration. 
Besides toxic molecules deposited in the cortex of the brain, cerebral blood flow (CBF), 
through which oxygen and glucose are delivered to neurons, is also found to be disrupted in 
the early stages of AD (Kisler et al., 2017a; Zlokovic, 2011). The blood flow changes may 
develop independently of those toxic molecules and precede neuronal dysfunction in AD that 
develops later (Kisler et al., 2017a), and thus CBF could serve as an early biomarker for 
AD. .Compromised CBF leads to disrupted supply to neuronal cells and limited clearance of 
toxic molecules deposited in the brain (Zlokovic, 2011). In the next section, CBF regulation 
and neurovascular dysfunction in AD is further discussed.  
2.2 Neurovascular coupling dysfunction in AD 
2.2.1 Neurovascular coupling 
The tight interactions between neuronal activity and CBF control is characterized as 
neurovascular coupling (Iadecola, 2004; Kisler et al., 2017a). Under physiological conditions, 
the neurovascular coupling enables efficient supply of CBF to functioning brain areas and 
diffusion of nutrients and oxygen to neuronal cells distant from sourcing vessels (Iadecola, 
2004). CBF is regulated by a coordinated vascular network from artery to vein. Within this 
vascular network, the cerebral arterioles and capillaries ensure supply of oxygen, glucose and 
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other nutrients to brain cells, while the venous network facilitates the clearance of waste from 
the tissue.  
Figure 2-1 provides a representation of microvascular unit with cellular and vascular 
elements that regulate CBF. The arteriole consists of the endothelial cells and the vascular 
smooth muscle cell (VSMC). The capillary consists of the pericyte and the endothelial cells. 
The endothelial cells make up the inner layer of the vessel walls, layers of VSMCs ring the 
arteriole, and the pericyte is attached to capillaries. Neurons innervate VSMCs and pericytes 
to adjust the dilation of arterioles or capillaries for CBF regulation. There are different types 
of pericytes depending on their position in the vascular network: transitional pericytes, 
mid-capillary pericytes, and stellate pericytes. The capillaries branch off the arteriole, and can 
be labelled by their branching orders (Rungta et al., 2018), such as up-stream capillaries 
which directly derives from the arterioles and down-stream capillaries which transmit blood 
to venules. It is critical to label these different vascular compartments, as they may differ in 
the timing of their dilation during demand and the red blood cell (RBC) velocity to adjust the 
CBF (Hall et al., 2014; Rungta et al., 2018). Finally, blood returns from downstream 
capillaries to venules to remove metabolic end products from the neuron cells.  
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Figure 2-1 Representation of microvascular unit showing vascular and cellular elements 
regulating CBF (Kisler et al., 2017a). 
2.2.2 Neurovascular uncoupling in AD  
Prior studies documented that vascular damage and Aβ accumulation both contribute to the 
onset of AD and dementia (Iadecola, 2010b; Iturria-Medina et al., 2016; Kisler et al., 2017a; 
Sweeney et al., 2011; Zlokovic, 2011), as illustrated in figure 2-2. On the one hand, vascular 
damage of the brain has been estimated to contribute to major dementias, including 80% in 
AD (Hachinski, 2015; Toledo et al., 2013). Multiple risk factors influence vascular 
functioning, including genetics, vascular disease, and environment (Iadecola, 2013; Kisler et 
al., 2017a). Vascular damage can lead to neurovascular dysfunction due to constricted 
arterioles, hypoperfusion, and blood brain barrier (BBB) breakdown (Sweeney et al., 2011; 
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Zlokovic, 2011). For example, hypertension has been shown to accelerate the progression of 
AD (Cifuentes et al., 2015), and thus should be jointly considered in the AD pathology. 
Neurovascular dysfunction can directly lead to neuronal dysfunction due to CBF reduction 
and toxic accumulation. Additionally, neurovascular dysfunction also contributes to neuronal 
dysfunction through the mediation effect of Aβ accumulation. CBF dysregulation and 
impaired toxic clearance could facilitate the deposit of Aβ that is toxic to neuronal cells 
(Laurent et al., 2012). Vascular changes could even precede neuronal dysfunction and 
neurodegeneration that develops later on (Kisler et al., 2017a), thus offering a potential 
diagnostic target for identifying AD in early stages (Farkas andLuiten, 2001; Nielsen et al., 
2017). Furthermore, lifestyle, such as exercise, has been found to modulate the influence of 
vascular damage on cognitive decline and dementia (Adlard et al., 2005; Cahill et al., 2017; 
Heyn et al., 2004; Larson et al., 2006; Radak et al., 2010; Wong-Goodrich et al., 2010). A 
biological mechanism associated with positive effects of exercise involves improved cerebral 
perfusion and CBF (Cahill et al., 2017; Dorr et al., 2017; R.L. et al., 1990).  
On the other hand, Aβ accumulation can lead to neuronal deficit independently and 
synergistically influence neurons through vascular changes (Kisler et al., 2017a). The 
accumulation of the protein fragment Aβ outside neurons contribute to neuronal injury by 
disrupting the neuronal communications through synapses (Gaugler et al., 2018; Sweeney et 
al., 2011). The presence of toxic proteins activates the immune system to clear these toxic 
fragments as well as debris from dying neurons, leading to chronic inflammation to occur 
when the immune system cannot keep up with the toxins to be cleared (Nazem et al., 2015). 
In addition, Aβ accumulation at a low level could lead to an impairment of vascular responses 
(Kisler et al., 2017a). Previous study using transgenic mice expressing amyloid precursor 
protein (APP) Swedish mutation found that APP overexpression increased the susceptibility 
to cerebral ischemic damage due to the Aβ-induced disruption in the functioning of vascular 
endothelial cells (Zhang et al., 1997). Previous study also found that transgenic mice 
overexpressing APP and Aβ had a significant decrease in the increase of cerebral blood flow 
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in response to somatosensory activation, producing a deleterious mismatch between nutrients 
delivery and energy consumption by neurons (Niwa et al., 2000). CBF decrease was also 
found in transgenic mice expressing human apolipoprotein E which is a significant risk factor 
for developing AD (Alata et al., 2015). These studies suggest that Aβ deposition could further 
deteriorate vascular function and neurovascular coupling, whose dysfunction further 
facilitates Aβ accumulation and neuronal damage in the brain. Taken together, both pathways, 
including vascular damage and Aβ production can independently or synergistically lead to 
neuron damage, contributing to dementia. 
 
Figure 2-2 Neurovascular uncoupling in AD: two hit mechanism (Kisler et al., 2017a). 
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2.3 Compromised cerebral tissue oxygenation  
Although CBF gives essential information on how the brain functions in AD, cerebral tissue 
oxygenation offers extra information regarding the functioning of the brain, especially in 
pathological condition of AD due to the following reasons. Firstly, CBF regulation ensures 
sufficient supply of oxygen to tissue in normal condition, but the connection between CBF 
and oxygen supply to tissue could be compromised in AD (Kisler et al., 2017a, 2017b; 
Zlokovic, 2011). Hence, CBF alone may not directly reflect the tissue oxygenation state in 
AD. Secondly, brain neurons are highly dependent on oxygen to meet their oxidative 
metabolic demands (Chance, 1957; Chance et al., 1962), and thus the oxygenation level of 
cerebral tissue has been recommended as a biomarker in models of neurodegenerative 
diseases (Devor et al., 2011; Sakadžić et al., 2014). Thereby, the link between AD and 
cerebral tissue oxygenation is critical for our comprehension of the progression of 
neurovascular dysfunction and neurodegeneration in AD. In the following sections, the 
mechanism of oxygen supply from vasculature to tissues is discussed and the potential 
oxygenation changes in AD is provided.  
2.3.1 Mechanisms of oxygen supply  
Traditionally, it was believed that blood flow was largely regulated by arterioles on the pial 
surface of the brain (Nippert et al., 2018). However, recent studies document that penetrating 
arterioles supply 50% of the extracted oxygen at resting state (Sakadžić et al., 2014), which 
offer a secure margin to maintain brain function. Capillaries also play a crucial role in 
supplying oxygen to support neuronal activity (Hall et al., 2014; Kisler et al., 2017b; 
Santisakultarm et al., 2014; Stefanovic et al., 2008), since they are the vessels most proximal 
to neurons. Thus, this thesis focusses on the role of penetrating arterioles and capillaries on 
oxygen supply to neurons, due to their essential role in regulating CBF (Kisler et al., 2017b; 
Nippert et al., 2018; Sakadžić et al., 2014).  
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To transmit from blood to tissues, oxygen molecules firstly unbind from hemoglobin and 
diffuse from the red blood cells (RBC) to plasma, across the vascular wall, and finally into 
the tissues. Partial pressure of oxygen (PO2) represents the amount of oxygen gas and can 
diffuse from blood to tissue. The intravascular and extravascular PO2 are the most basic 
physiological parameters with great variability that may originate from dynamics in regional 
CBF and metabolic needs for different brain areas (Masamoto et al., 2003; Sakadži et al., 
2010). Under normal physiological conditions, oxygen supply enabled by increased CBF 
exceeds the neuron cells’ metabolic demand, thus ensuring a large PO2 gradient for oxygen 
diffusion to cells even furthest from capillaries (Attwell et al., 2010; Buxton, 2010; Lin et al., 
2010).  
Diffusion of oxygen to neuronal cells can be boosted with external stimulation for more 
computationally demanding neuronal activities (Beau M.Ances et al., 2001; Vazquez et al., 
2010). During functional stimulation, tissue locations far from the vascular feeding source 
were also observed to have an overshoot in oxygenation (Devor et al., 2011). Low level of 
cerebral tissue PO2 may lead to hypoxia and affect the survival of neuronal cells far from 
vascular sources (Moeini et al., 2019, 2018). During functional stimulation, the increased 
oxygen supply results from the increased CBF (Moeini et al., 2019), which creates large PO2 
gradient for oxygen delivery. Because of the close relationship among PO2, CBF, and 
neuronal activity (B.M.Ances et al., 2001), PO2 can serve as an effective marker in 
neurodegenerative disease, such as AD, either to detect if a departure from normal PO2 occurs 
in the disease model or to determine the efficiency and effectiveness of potential preventive 
therapies (Devor et al., 2011). 
2.3.2 Compromised CBF and cerebral tissue oxygenation with AD 
Previous research have documented neurovascular deficits in AD (Delafontaine-Martel et al., 
2018; Gorelick et al., 2011; Kitaguchi et al., 2007; Montine et al., 2014; Snyder et al., 2014; 
Wardlaw et al., 2013). Findings in transgenic mice APPSwDI have shown that arterial 
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VSMCs exhibited an impaired ability to clear Aβ (Bell et al., 2009), thus leading to Aβ 
accumulation in the vascular walls and blocking the exchange of oxygen between blood and 
tissues. An earlier large population‑based study showed that cerebral hypoperfusion preceded 
and possibly contributed to onset of clinical dementia with transcranial Doppler (Ruitenberg 
et al., 2005). By contrast, individuals exhibiting higher CBF were less inclined to develop 
dementia and had larger brain areas (e.g., hippocampal & amygdala volumes) for cognitive 
functioning (Ruitenberg et al., 2005). Using pseudo-continuous arterial spin labeling MRI, 
previous studies also showed global CBF was lower in patients having moderate cognitive 
impairment, as compared to normal control (Michels et al., 2016). Collectively, these findings 
demonstrate that changes in CBF are an essential feature of AD and adding vascular changes 
into diagnosis of AD could further improve the accuracy of AD diagnosis in early stages. 
Due to the tight connection between CBF and tissue oxygenation (Devor et al., 2012; Moeini 
et al., 2018; Sakadžić et al., 2014), disturbance of CBF in AD may drop cerebral tissue PO2, 
and disrupt the normal cerebral PO2 gradients between microvasculature and tissue, resulting 
in lack of oxygen diffusion from microvasculature to the neuronal cells (Masamoto et al., 
2003). Since neurons are highly sensitive to oxygen supply (Girouard andIadecola, 2006; 
Iadecola, 2004; Østergaard et al., 2013), slight variations in CBF may lead to hypoxia and 
neuron damage in regions with low tissue PO2. The spatial heterogeneity of tissue PO2 which 
depends on CBF properties could thus be altered with factors such as aging and 
neurodegenerative diseases (Moeini et al., 2018). However, existing research mostly focus on 
the vascular changes in AD and neglect the importance of tissue oxygenation as a biomarker 
for AD. Tissue oxygenation is essential to understand and monitor the progression of AD, 
since 1) tissue oxygenation directly influence neuron survival due to the high demand for 
oxygen in neuronal cells (Devor et al., 2012; Kisler et al., 2017a; Moeini et al., 2018; 
Østergaard et al., 2013), 2) tissue oxygenation is both closely related by CBF regulation and 
neuronal activity (Iadecola, 2004; Kisler et al., 2017a). Due to the heterogeneity and 
dynamics of tissue PO2, new technology for in vivo measurement of PO2 in the cerebral 
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cortex based on non-invasive optical method can play a key role in recording images with 
high spatial resolution (Sakadži et al., 2010; Sakadžic et al., 2016; Sakadžić et al., 2014). In 
the next chapter, imaging techniques that can record oxygenation parameters are discussed.   
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CHAPTER 3 METHODOLOGY REVIEW FOR PO2 MEASUREMENTS 
Multiple approaches have been used to quantify tissue oxygenation, each with a different 
mechanism to measure PO2. In this chapter, numerous imaging techniques on tissue 
oxygenation will be reviewed and assessed.  
3.1 Mass spectroscopy 
Mass spectroscopy has been used to analyze cerebral blood gas and cerebral PO2 in early 
animal research (Brantigan et al., 1972; Rigaud-Monnet et al., 1994). A gas-sampling cannula 
needs to be implanted chronically into the brain to withdraw minor quantities of 
physiological tissue gasses. A specially designed Teflon diffusion membrane (see Fig. 3-1) is 
inserted at the end of the implantable cannula with the membrane end into the tissue or blood 
and the opposite end connecting to the vacuum of the mass spectrometer. The membrane 
ensures that only dissolved gases with no blood are aspirated through the membrane in 
proportion to their partial pressures.  
 
Figure 3-1 Design of Teflon membrane and cannula.  
These gases are then analyzed in the chamber of mass spectrometer. The oxygen molecules 
are identified by ionization, acceleration and separation based on their molecular weight, 
allowing for quantitative measurement of tissue PO2 (Reusch, 2013). To measure the 
characteristics of oxygen molecules, the mass spectrometer converts the gases into ions 
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which can be manipulated by magnetic fields. As shown in Fig. 3-2, firstly, a sample gas is 
collected by a high vacuum (e.g., 10-2 torr pressure in contrast to the atmospheric pressure of 
760 torr). Due to the short-lived nature of ions, this sample is handled under the pressure of 
10-7 torr, and ionization is achieved by a high energy beam of electrons enabled by a filament. 
The ion separation is effected by accelerating and focusing the beam through the accelerating 
slits and bending the beam by a magnetic field. By adjusting the strength of the magnetic 
field, ions of different mass can be collected by the detector progressively. Lastly, a computer 
analyzes the character of the ions by its specific mass-to-charge ratio (m/z). For example, 
oxygen (O2) has a mass-to-charge ratio of 32, and carbon dioxide has a ratio of 28.  
 
 
Figure 3-2. A sample design of spectrometer (Reusch, 2013).  
However, there are several drawbacks with this method. Firstly, this method is invasive due 
to the need for implantation of the cannula which connects to the vacuum and analysis 
chamber of mass spectrometer on the one end and the blood vessels in the other end (Weaver 
andLiu, 2017). The cannula usually needs to be inserted into the vessels for 1 or 2 days 
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(Brantigan et al., 1972), so that there is inflammation concerns at the site of implantation 
which may delay the experimental process (Weaver andLiu, 2017). Secondly, measurements 
of tissue PO2 can be obtained only at the site of implantation, limiting its capability to offer 
oxygen information in other regions of the brain (Lyons, 2015). Thirdly, although oxygen 
parameters can be collected in vivo, the animals need to be anesthetized, which may 
influence the physiological parameters of the animals. Hence, the accuracy of oxygen 
measurement may be compromised due to anesthesia.  
3.2 Polarography 
Polarography has been used for in vivo measurements of cerebral PO2 for decades and 
established major findings to shape our current understandings of the cerebral tissue 
oxygenation (see review (Ndubuizu andLaManna, 2007)). Polarography is based on the 
reduction of oxygen at the surface of a noble metal (e.g., platinum) affected by the negative 
polarizing voltage. The polarographic electrode consists of a cathode covered by a membrane 
for oxygen reduction and a nearby reference electrode. The tip of the cathode electrode is 
inserted into the tissue of interest for oxygen measurements by producing a current in 
proportion to the concentration of oxygen adjacent to the electrode, inducing the reduction of 
oxygen by transforming O2 to H2O.  
Among the polarographic sensors, the Clark electrode (see Fig. 3-3), developed by Dr. Leland 
Clark in 1956, was commercially produced and has been used to measure dissolved oxygen 
in recent research (for example in the work of (Lecoq et al., 2009)) due to its time-efficiency 
and less susceptibility to interference (see the review (Ndubuizu andLaManna, 2007)). The 
dissolved oxygen molecules diffuse through the specially-designed membrane and are 
reduced at the cathode, based on the following reaction (Nguyen et al., 2014): 
O2 + 2H2O + 2e- → H2O2 + 2OH- 
H2O2 + 2e- → 2OH- 
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The PO2 versus the electrode current generated through oxygen reduction can be calibrated 
due to the oxygen diffusive flux in proportion to the PO2 in the sampled region (YSI, 2009).  
 
 
Figure 3-3 An explanation of the Clark sensor (YSI, 2009).  
 
However, there are several limitations of the polarographic electrode (see reviews (Ndubuizu 
andLaManna, 2007) and (Weaver andLiu, 2017)). Firstly, this method is invasive, since the 
reduction of oxygen at the cathode may alter the physiological environment around the 
sampling area which may further influence the measurements. Secondly, this technique gives 
point measurement rather than a 2D mapping of tissue PO2, as it only gives oxygen 
information nearby the electrode. To obtain oxygen distribution, multiple probes may be used 
for simultaneous measurement or multiple sequential repositioning of the electrodes are 
required. Thirdly, this method cannot offer repetitive measurements over prolonged periods 
(e.g., for days). The ions in the electrolyte are not stable over time and need to be replaced.  
3.3 Electron Parametric Resonance (EPR) oximetry 
Electron paramagnetic resonance (EPR) is a magnetic resonance technique that measures 
only species with unpaired electrons (see reviews (Gallez et al., 2004) and (Weaver andLiu, 
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2017)). Molecular oxygen has two unpaired electrons which represents its paramagnetic 
property, and thus can be measured by EPR. To directly measure oxygen in biological 
systems, EPR oximetry is designed based on the biomolecular collisions between oxygen and 
free radicals, given that this interaction can alter the resonance characteristics of the radical 
and consequently the EPR spectrum (see review (Gallez et al., 2004)). The most common 
method is to apply the oxygen dependent broadening of the EPR linewidth (LW) of a 
paramagnetic oxygen sensor implanted in tissues. As shown in Fig. 3-4, the oxygen sensor 
has a higher LW response at low PO2, and thus EPR has high sensitivity to detect hypoxic 
areas (e.g., regions with low PO2 values (e.g., 0.5 mmHg)). The sensor also has quick 
response to the variation of tissue PO2, see Fig. 3-4. Due to these characteristics, EPR 
oximetry has been used to measure oxygenation in tumor studies. A recent study (Langan et 
al., 2016) used EPR oximetry to quantify oxygen gradients in spheroids, ball-shaped models 
representing liver or tumor. Since regions with tumor are often associated with hypoxia, EPR 




Figure 3-4. The calibration curve based on linewidth as a function of the PO2 (Adapted from 




   
 
 
Figure 3-5 PO2 distribution in ischemic mouse brain recorded by EPR 2D spectral-spatial 
linewidth imaging (Shen et al., 2009). A) PO2 map in the sham control mouse head, B), PO2 
map in the same mouse after ischemia, C) MR diffusion image in the mouse after ischemia. D) 
Representative spatial profiles of PO2 in both groups. The PO2 values were recorded along 
the black lines in A and B. E) Frequency of PO2 values in the sham control head and the 
ischemic head.  
 
Suitable paramagnetic probes are needed in the tissue regions of interes for ERP 
line-broadening measurements (Swartz et al., 2014). Two typical types of probes for EPR 
include particulate and soluble probes (Weaver andLiu, 2017). However, both probes have 
their limitations. There are concerns about biocompatibility with exposure to particulate 
probes in long periods of time, since these particulate probes may have chemical reactions in 
the biological systems and produce toxic chemicals. Considering the sensitivity of cerebral 
neuronal cell, it is reasonable to evaluate the risk of implanting particulate probes into the 
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brains. Soluble probes can also be used for EPR oximetry for mapping of oxygen, but are 
used in ex vivo environment more frequently due to the difficulty to delivery this type of 
probe through the BBB. In addition, the soluble proble responds to the disolved oxygen in 
tissue, which is more heterogeneous than tissue PO2, thus weakening the sensitivity of the 
soluble probe.  
3.4 Two-photon phosphorescence optical method 
3.4.1 Oxygen-dependent quenching of phosphorescence  
The mechanism of oxygen-dependent quenching of phosphorescence (Quaranta et al., 2012; 
Shonat andKight, 2003) can be represented by the Perrin-Jablonski diagram, as shown in Fig. 
3-6. Specifically, in the absorbance stage, the luminescent molecule is excited from the 
ground state (S0) to the first singlet excited state (S1) or the second singlet excited state (S2), 
which takes about 10-15 s. Next, the luminescent molecule undergoes internal conversion 
which involves an intermolecular process that transitions a higher electronic state (S2) to a 
lower electronic state (S1) without radiation. This internal conversion process takes about 
10-12 s (denoted as the rate constant kic). This transition occurs rapidly and before the 
de-excitation process.  
There are two radiative approaches for de-excitation, including fluorescence and 
phosphorescence. One the one hand, fluorescence emission occurs at the first singlet excited 
state (S1), which does not involve changes in multiplicity (e.g., from singlet to triplet), thus 
having a high possibility to occur. The fluorescence lifetimes are usually around 10-8 s. One 
the other hand, phosphorescence emission occurs from the lowest excited triplet state (T1), 
which requires transition between different multiplicities (S1 → T1) that is less likely to 
occur. Likewise, the transition from triplet (T) to singlet (S) is also less likely to occur than 
singlet to singlet transition (the case in fluorescence), and thus phosphorescence emission 
requires more time (from 10-6 s to several seconds) to decay than fluorescence. However, the 
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presence of heavy atom in the phosphorescent molecular probe could increase the probability 
of crossing between the triplet and singlet state, thus making phosphorescence highly 
efficient by shortening the decay time. Since phosphorescence emission occurs at a lower 
energy state (T1), it emits lower energy compared to the fluorescence. Compared to 
fluorescence de-excitation, phosphorescence quenching is preferred due to its relatively 
longer triplet lifetime, and thus offering higher oxygen sensitivity (Finikova et al., 2008).   
When interacting with oxygen, the luminescent molecules are quenched in a non-radiative 
de-excitation process involving collisions between quenchers and luminescent molecules. 
One potential mechanism indicates that the paramagnetic oxygen facilitates the intersystem 
crossing of luminescent molecules from singlet to triplet, and oxygen molecule transitions to 
excited state and then returns to ground state (Quaranta et al., 2012; Shonat andKight, 2003).  
  
Figure 3-6. Perrin-Jablonski diagram (Quaranta et al., 2012). 
In addition to the above figure, this quenching process can also be denoted in expressions. 
When a large quantity of phosphorescence dye is excited simultaneously, the 
phosphorescence emission can be represented by the exponential decay function: 
(𝑡)=𝐼0 exp(−𝑡/𝜏)   (1) 
where 𝐼(𝑡) represents the intensity of phosphorescence as a function of time, 𝐼0 represents the 
maximum intensity at time 0, and 𝜏 is the apparent lifetime of the decay. In the presence of a 
quenching agent, in our case the oxygen, the decay time of phosphorescence is shortened due 
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to the quenching by energy transfer to oxygen, described by the Stern-Volmer function: 
𝜏0 / 𝜏=1+𝐾𝑄𝜏0 [𝑃𝑂2]  (2) 
where 𝜏0 is the lifetime when no oxygen is present, 𝐾𝑄 is the bimolecular rate constant, and 
[PO2] is the concentration of PO2.  
Using Stern-Volmer calibration plots, phosphorescence decay lifetimes can be converted into 
PO2 values. A calibration plot of conversion of phosphorescence lifetime to PO2 values (see 
the example in Fig. 3-6) can be achieved via oxygen titration analysis (Khajehpour et al., 
2003).  
 
Figure 3-7. An example of calibration plot of PtP-C343 for conversion of phosphorescence 
lifetimes into PO2 values with the system and environment specified (Adapted from the 
supplementary materials of (Sakadži et al., 2010)). 
3.4.2 Two-photon enhanced phosphorescent probe  
Oxygen imaging approach combining the oxygen dependent phosphorescence quenching 
method and the two-photon laser scanning microscopy represents a natural extension, 
considering the depth resolution for 3D imaging and the low probability of photo damage 
enabled by two-photon microscopy (Finikova et al., 2008). The phosphorescent dye is 
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capable of phosphorescence emission in the excited state when illuminated by two-photon 
lasers. When interacting with oxygen molecules, the energy of phosphorescent photon is 
transmitted to oxygen and thus the phosphorescent photon is quenched by the oxygen. 
The specific structure of probe PtP-C343 is shown in Fig. 3-8. This probe is mainly designed 
for intravascular and interstitial applications through injection, providing suitable pathways in 
biomedical research. Adding C343 as energy receptor helps avoid the drawback of low 
two-photon absorption of probes based only on PtP. The high fluorescence production of 
C343 after excitation enables efficient fluorescence resonance energy transfer (FRET). The 
C343 components in the probe enhances the phosphorescence intensity in a large extent, 
reducing the demand for extremely high excitation powers. A polyarylglycine dendrimer (PD) 
surrounds the PtP core to increase its solubility in the biomolecular system, prevents 
aggregation of the probes, and attenuate the oxygen diffusion rate by folding and restricting 
oxygen diffusion for more efficient oxygen measurements in the core vicinity. When the PtP 
core is not protected by PD, the constant rate would be too high, >1500 mmHg-1s-1 to 
quantify oxygen at physiological values (e.g., 100-160 mmHg) (Finikova et al., 2008; 
Rozhkov et al., 2002; Vinogradov et al., 1999). A concern for PtP-C343 is the residual 
fluorescence produced in the FRET process which may bring compounding effect to the 
phosphorescence response to PO2. However, the residual fluorescence is insensitive to 
oxygen due to its short lifetime and experiments at different oxygen concentration only show 
phosphorescence response to PO2 dynamics (Finikova et al., 2008).  
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Figure 3-8. Two-photon enhanced oxygen probe PTP-C343 that consists of the Pt 
meso-tetraarylporphyrin core (PtP, in pink), the coumarin-343 units (C343, in blue), the 
peripheral oligoethyleneglycol residues (POR, in green), and the polyarylglycine dendrimer 
(PD, in black). The C343 is excited as the antenna through the two-photon absorption and 
then transmits the energy to the PtP core (in pink) through Fluorescent resonance energy 
transfer (FRET). After receiving energy from the C343, the core emits phosphorescent 
photons (Finikova et al., 2008).  
The phosphorescent proble used in my study was obtained from Oxygen Enterprises Ltd 
(Philadelphia, USA). Before experiments, the probe was calibrated with room air (with 21% 
oxygen) and with deoxygenated solution in different temperatures. The parameters (𝐾𝑄, 𝜏0) 
were choosed at physiological temperature 37oC, as shown in the following figure. 
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Figure 3-9. The quenching parameters (𝐾𝑄, 𝜏0) obtained at different temperatures (Zhang, 
Cong et al., 2015). The probe was dissolved in solution with pH 7.23.  
3.4.3 Advantages of two-photon phosphorescence imaging 
There are several advantages of two-photon phosphorescence imaging. Firstly, the 
combination of phosphorescence dye (PtP-C343) with two-photon microscopy enables 
non-invasive and direct measurements of PO2 (Devor et al., 2012; Lecoq et al., 2011; 
Sakadžić et al., 2014). In this approach, the molecular phosphorescent probe is inserted into 
the vascular or interstitial fluid directly, with signals retrieved by the external two-photon 
excitation. The PtP-C343 probe is non-toxic and compatible with the biomolecular system 
with no documentation of inflammation. Secondly, among optical approaches, 
phosphorescence lifetime imaging of oxygen excels in its capacity to offer direct 
measurements of PO2 and avoid any influence from optical properties in tissue (Sakadži et al., 
2010). The phosphorescence lifetime imaging of oxygen depends on measuring the 
phosphorescence lifetime which is oxygen-dependent. The signal measured is the 
phosphorescence lifetime, instead of the intensity of probe or optical properties, thus 
removing the effect of probe concentration and the optical characteristics of tissues or 
vasculature. Thirdly, this approach allows for measurements with hundreds of micrometer in 
28 
 
   
 
depth below brain surface with high temporal and spatial resolution, (Lévy et al., 2018; 
Sakadži et al., 2010)). The PtP-C343 probe is two-photon enhanced probe which has high 
absorption rate for the two-photon laser beam. Two-photon microscopy has the capacity to 
constrict excitation to a focal beam, ensuring the possibility of high spatial resolution and 
enough photon density to excite the probe deeper under brain surface. The PtP-C343 proble 
has a long half life with around 2 hours in tissue with the possibility of achieving high 
temporal resolution for repetitive measurements at a local point. Due to these advantages of 
two-photon phosphorescence laser microscopy, this technique was used to investigate tissue 
oxygenation in the following article.  
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4.1 Abstract 
While vascular contributions to dementia and Alzheimer’s Disease (AD) are increasingly 
recognized, the potential brain oxygenation disruption associated with AD and whether 
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preventive strategies to maintain tissue oxygenation are beneficial remain largely unknown. 
This study aimed to examine 1) whether brain oxygenation is compromised by the onset of 
AD and 2) how voluntary exercise modulates the influence of AD on brain oxygenation. In 
vivo two-photon phosphorescence lifetime microscopy was used to investigate local changes 
of brain tissue oxygenation with the progression of AD and its modulation by exercise in the 
barrel cortex of awake transgenic AD mice. Our results show that cerebral tissue oxygen 
partial pressure (PO2) decreased with the onset of AD. Reduced PO2 was associated with the 
presence of small near-hypoxic areas, an increased oxygen extraction fraction, and reduced 
blood flow, observations that were all reverted by exercise. AD and age also increased the 
spatial heterogeneity of brain tissue oxygenation, which was normalized by exercise. Ex vivo 
staining also showed fewer amyloid-β (Aβ) deposits in the exercise group. Finally, we 
observed correlations between voluntary running distance and cerebral tissue 
oxygenation/blood flow, suggesting a dose-response relationship of exercise on the brain. 
Overall, this study suggests that compromised brain oxygenation is an indicator of the onset 
of AD, with the emergence of potential deleterious mechanisms associated with hypoxia. 
Furthermore, voluntary exercise enhanced the neurovascular oxygenation process, potentially 
offering a means to delay these changes.  
4.2 Key words 
Brain tissue oxygenation, Two-photon microscopy, Alzheimer’s disease (AD), Voluntary 
exercise, Awake imaging 
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4.3 Introduction 
Alzheimer’s disease (AD) is a typical neurodegenerative disease which leads to dementia and 
cognitive impairment (Farkas and Luiten, 2001; Selkoe and Schenk, 2003). The incidence of 
sporadic AD increases with age, affects people’s capability to maintain social function 
(Farkas and Luiten, 2001; Larson et al., 2006) and is associated with major public health 
problems. AD is characterized by the extracellular deposition of amyloid-β (Aβ) peptides in 
the brain and in cerebral blood vessels, and by accumulation of the hyperphosphorylated tau 
protein in neurons (Selkoe and Schenk, 2003). Neurovascular coupling, which refers to the 
tight connection between neuronal activities and cerebral blood flow (CBF) is suggested to be 
compromised in AD (Girouard and Iadecola, 2006).  Cerebral micro-vessels are decreased in 
number, endothelial cells are flattened, and smooth muscle cells undergo degeneration 
(Farkas and Luiten, 2001), thus potentially contributing to dysfunction of brain homeostasis. 
While vascular and cellular contributions to dementia and AD are increasingly recognized 
(Montagne et al., 2016; Zlokovic, 2011), we have limited knowledge about whether cerebral 
oxygenation is compromised with the onset of AD. Given that the cognitive functioning of 
the brain essentially depends on oxygen supply (K.A. Kasischke et al., 2011; Karl A. 
Kasischke et al., 2011; Sakadžić et al., 2014a), such information is critical not only to 
understand the oxidative metabolism alterations in AD brains, but also to shed light on the 
diagnosis of AD with potential novel biomarkers. Additionally, given the devastating nature 
of AD, effective prevention strategies are pivotal. Among these approaches, voluntary 
exercise has been identified as one of the effective means for preserving brain cognitive 
function in both preclinical models and clinical settings (Adlard et al., 2005; Dorr et al., 2017; 
Heyn et al., 2004; Larson et al., 2006; Radak et al., 2010). Voluntary exercise, such as 
walking, has been found to correlate with considerable decrease in loss of capability in the 
elderly (Singh, 2002; Yaffe et al., 2001). It has also been demonstrated to be of great benefit 
to alleviate cognitive impairments (Naylor et al., 2008; Wong-Goodrich et al., 2010) and data 
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from longitudinal studies and randomized trials suggest that physical exercise benefits 
cognitive function (Barnes et al., 2003; Geda et al., 2010; Kramer et al., 1999; Voss et al., 
2016). Despite its preventive role on cognitive decline, the oxygenation mechanism through 
which voluntary exercise affects AD remains under-explored. Investigating how cerebral 
tissue oxygenation is altered with AD and how exercise can modulate this change can help 
understand how exercise offers a means to slow the rate of neurodegeneration in the clinical 
settings. Thus, this study aimed to examine 1) whether brain oxygenation is compromised by 
the onset of AD and 2) how voluntary exercise modulates the influence of AD on brain 
oxygenation. Voluntary treadmill running was used in our experiments as it has been appplied 
commonly as a rehabilitation strategy in clinical research (Ke et al., 2011).  
To quantify oxygen supply, we measured tissue oxygen partial pressure (PO2), which is 
affected by variations in blood flow and metabolic demand in different regions (Sakadži et al., 
2010). A custom-built two-photon microscopy system with a phosphorescent lifetime arm to 
measure PO2 was developed and used to provide maps of PO2 in brain tissue with 
sub-capillary resolution around cortical arterioles, capillaries and venules and to obtain 
microvascular morphology (Sakadži et al., 2010; Sakadžić et al., 2014b). Doppler Optical 
Coherence Tomography (OCT) was also used to acquire cerebral blood flow (CBF) estimates 
in penetrating vessels.  
We found that cerebral tissue PO2 decreased after the onset of AD, but that this decrease was 
reversed by exercise. We further observed the presence of sparse near-hypoxic areas (PO2 < 
10 mmHg) that increased in number with AD but decreased with exercise, suggesting an 
association between insufficient oxygenation and the onset of neurodegeneration. Fewer Aβ 
deposits in the exercise group further confirmed this association. Doppler Optical Coherence 
Tomography (OCT) data showed that CBF decreased with AD but increased with exercise 
and significant correlations were established between running distance and tissue 
oxygenation / blood flow properties. Overall, this study indicates that brain oxygenation 
could serve as a biomarker of the onset of AD. Furthermore, voluntary exercise enhanced 
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brain oxygenation, thus offering a potential mechanism to delay brain tissue hypoxia with 
AD. 
4.4 Methods  
4.4.1 Function and property of the PtP-C343 probe.  
The PtP-C343 probe was synthesized on the basis of the procedures proposed in Finikova et 
al.(Finikova et al., 2008) and Vinogradov et al. (Vinogradov, 2005). This proble enabled 
measurement of oxygen based on the phosphorescence quenching mechanism due to its 
enhanced absorption for two-photon. The probe was calibrated at 37 ℃ and 7.2 pH from 
oxygen titration experiments (Rozhkov et al., 2002; Zhang, Cong et al., 2015).  
4.4.2 Experimental groups.  
Animals were handled conforming to the ARRIVE guidelines and the recommendations of the 
Canadian Council on Animal Care. Animal surgical procedures and handling were approved 
by the ethics committee of the research center of the Montreal Heart Institute. Experiments 
were performed on male wild type mice at 3 and 6-month-old (WT3: n=8, WT6: n=8), 
transgenic Amyloid Precursor Protein Presenilin-1 (APP/PS1) mice at 3 and 6-month-old 
(AD3: n=8, AD6: n=8), and APP/PS1 mice at 6-month-old for which voluntary exercise was 
initiated at 3-month-old (AD6&EX: n=7) under awake and stress minimization condition. 
Previous work (Cifuentes et al., 2015) showed a clear onset of cognitive deficit in APP/PS1 
mice at 4.5 months, and thus we conducted imaging prior to and after this time point focusing 
on the early AD onset. Specifically, we collected imaging data at the age of 3 month and at the 
age of 6 month. We expected these groups to provide a sufficient range to observe oxygenation 
changes associated with the AD mice model. The time interval of 3 months was also sufficient 
to observe the effects of voluntary running (Adlard et al., 2005; Pedersen et al., 2016).  
For the AD6&EX group, mice started voluntary exercise on running wheels at 3-month-old, 
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and continued the exercise till 6-month-old when brain imaging was performed. The wheel 
(diameter 15 cm, recorded by easy matrix 16 EMKA) was attached to the cage to preserve 
living space for the experimental animals. The number of wheel rotations was recorded using 
the external counter (LE907) on a daily basis for the whole exercise periods. Wheel running is 
widely used as voluntary exercise for mouse, since it involves with different neural and 
physiological mechanisms from spontaneous activity.  
4.4.3 Experimental preparation.  
One week before the surgery, physiological parameters, such as heart rate and blood pressure, 
were measured and recorded while awake. During the surgery, animals were under anesthesia 
with 1.5-2.0% isoflurane in pure oxygen, and the body temperature was kept at 37C with a 
feedback control. 1% Ketaprofen (SC, 5 mg/Kg, MERIAL Canada Inc) and 0.015 mg/ml 
Buprenorphine (SC, 0.05 mg/Kg, Reckitt Benckister Healthcare, UK) were injected just before 
the surgery for analgesia and to reduce potential inflammation. During the surgery, Betadine 
was used to sterilize the scalp and 70 % (v/v) isopropyl alcohol was used to wipe this area. 
Lidocaine was injected prior to exposing the skull. A titanium made head-plate was attached 
and fixed on the bone for fixation of the animal’s head during surgery and oxygenation 
imaging. An area with 3 mm, located over the left barrel cortex (0.5mm posterior to bregma, 
3.5mm lateral to the midline), was left uncovered with intact dura mater kept,. In the uncovered 
area, the skull was thinned gradually to obtain a transparent window. A cover glass was gently 
pushed against the skull surface and held for a few seconds to allow the glue to dry thoroughly 
for 15 minutes. On one side of the cover glass, on the thin-skull, a small hole (less than 500 um 
diameter) was drilled. A drop of biocompatible silicone was then applied on top of this hole to 
form a self-sealed, durable, tight, and biocompatible access port for awake injection. Right 
after the surgery, the edge of the cover glass was further glued with dental cement and an 
injection of Enrofloxacin (IP, 5mg/Kg, Bayer, Germany) was done. The animal was put back in 
the cage for recovery once awake. After 24 hours following the surgery, the animal was 
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injected with Ketoprofen (SC), Buprenorphine (SC) and Enrofloxacin (IP) again and then put 
back in the cage for two more days of recovery. In the following four days, the animal was 
fixation trained for 10, 20, 30 and 45 minutes, respectively. After this, imaging was performed 
using OCT and the two-photon systems, respectively. 
4.4.4 Two-photon imaging.  
A laser-scanning two-photon microscope was built to record imaging data. The MaiTai-XP 
laser oscillator (Newport corporation, USA) generated a sequence of 820 nm, 80 MHz, 150 fs 
pulses which were gated by an acousto-optic modulator. The system has an “on” and “off” laser 
pulse periods for phosphorescence lifetime imaging. Each “on” period lasted for 25 us, and 
each “off” period lasted for 275 us. The “on” and “off” periods corresponded to excitation of 
the PtP-C343probe and recording of phosphorescence decay in the brain tissue, respectively. 
Then the laser pulses went through the galvanometric mirrors (Thorlabs, USA) and the 
reflected lights were collected by a 20X objective (Olympus XLUMPLFLN-W, NA=1). The 
excitation laser power was set below 6.5 mW after the objective.   
Phosphorescent photons and fluorescent photons were divided into different photomultiplier 
tubes for quantifying tissue oxygenation and vasculature, respectively. Specifically, the 
phosphorescent photons went through a filter centered at 680nm and recorded by the first PMT 
(H7422, Hamamatsu Photonics, Japan), whose output was saved for quantifying tissue 
oxygenation. The phosphorescence was decayed due to the quenching of oxygen, and the 
decays were averaged over a large number of cycles (1,000-5,000 decays) with 0.3-1.5 second 
to quantify each sampling point. Fluorescent light went through a filter centered at 520nm and 
recorded by the second PMT (R3896, Hamamatsu Photonics, Japan), whose output was 
processed to quantify vascular measurements.  
4.4.5 OCT setup.  
A spectral domain OCT was custom-designed for quantifying the blood flow properties in the 
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cortex of mice. A super luminescent diode (SLD) (LS2000C, Thorlabs) with a bandwidth of 
200 nm was used as the light source, and the imaging speed was 50,000 axial scans per second. 
The light source was firstly passed through a circulator and separated into reference arm and 
sample arm. In each arm, polarization was implemented to maximize contrast. Samplings in 
the x-direction (nx=2048, ny=512) were repeatedly performed with the OCT scan in a rate of 
24 Hz to compute the phase between adjacent A-lines. The Doppler volumes were repeatedly 
recorded for ten repetitions and then averaged. Side lobes were eliminated by spectral shaping 
of the interference signal using a Hanning window (Baraghis et al., 2011) at the expense of 
broadening axial resolution to ~3.8 μm. Following the procedure proposed by Wojtkowski et 
al.(Wojtkowski et al., 2004), automatic dispersion compensation was conducted to achieve 
optimum sharpness, and the dispersion coefficient was obtained based on the first frame of 
each acquisition and then applied to the rest of acquisitions. A moving-scatterer sensitive 
technique was used to reconstruct the flow speed (Ren et al., 2006). 
4.4.6 Blood flow quantification with OCT.  
OCT data were collected over a cortical area of ~700*700μm for all mice groups. Obtained 
OCT datasets encompassed en face planes of flow velocity maps with an interval of ~3.8 μm. 
In our analyses, we removed the top 50μm of the OCT datasets to eliminate the effects of pial 
vessels. For each slice in the OCT velocity volume, we measured the projected area of the 
vessels, and average projected velocity of arterioles and venule over the en face planes. Flow in 
each vessel was computed by the product of the velocity and the area over the projected en 
face plane. This product was further converted to the unit of ml/g/min by corresponding the 
the estimated cortical mass to the projected area, on the basis of previous assumptions on 
cortical thickness and density (Kretschmann et al., 1986).  Total flow of the cortex was 
calculated by summing all flows over the en face plane (Moeini et al., 2018). In our analyses 
we excluded the top 50μm of the OCT datasets, and all parameters were averaged within the 
depth of 50-100 μm. 
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4.4.7 Cerebral tissue PO2 measures.  
The two-photon enhanced probe (PtP-C343) was injected into the brain tissue through the soft 
silicon sealed hole. Tissue PO2 was quantified by our custom-designed two-photon 
phosphorescence and fluorescence lifetime microscopy, as described in previous section 4.4.4. 
During the animal experiments, the animal’ head were constrained by a titanium bar, whereas 
its limbs were allowed for free movement on the treadmill wheel. An IR camera was used to 
monitor movement and the corresponding measures were discarded if the mice moved 
frequently on the wheel during imaging.  
PO2 grid measurements were performed over four 200*200 μm planes with 30-40 μm intervals 
in depth and up to 350 μm in depth for each animal. The rate of phosphorescence decay, 
quantified by lifetime, was sensitive to the PO2 level in the excited tissue; increasing PO2 made 
the phosphorescence decay faster (oxygen dependent phosphorescence quenching) which 
resulted in a shorter lifetime, and vice versa. Averaged phosphorescence decay at each point 
was transformed to phosphorescence lifetime through a single-exponential curve, followed by 
converting the lifetime to PO2 value using a calibration curve.  
For all imaging planes, vessels with large diameters were manually labelled as arterioles or 
venules based on their different properties, as described in Moeini et al. 2018. Each sampling 
point is labeled with a PO2 absolute value and a distance from its closest arteriole or venule in 
adjacent planes. Finally, all sampling points in each group were divided into three categories 
based on the attribute of distance to corresponding arteriole or venule: (1) “near arteriole”, 
which includeds the points within 100 μm from the neareast arteriole; (2)“near venule”, which 
includes the points within 100 μm from the neareast venule; and (3)“capillary bed”, which 
includes the points with at least 100 μm from any arteriole or venule. 
By the end of oxygenation quantification, we collected the vasculature imaging using 
fluorescent dye. Specifically, the blood plasma was dyed by tail injection with fluorescein 
isothiocyanate (FITC) with dextran (2MDa). Two-photon microscopy was applied to obtain a 
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three dimensional microvasculature imaging with multiple 200*200 μm planes with 350 μm in 
depth. 
4.4.8 Thioflavin-S staining.  
APP/PS1 mice were euthanized by terminal anesthesia (isoflurane), and the brain sections was 
obtained following the decapitation of mice and stored property for further analysis. Four 
sections per animal, located at +1.32 (cortex), -0.82 (cortex), -1.64 and -2.92 (hippocampus 
and cortex) from Bregma were used for analysis. Fluorescence of Aβ deposits was performed 
to enable visualization using confocal microscopy (Zeiss LSM 510; Carl Zeiss). A mosaic of 
the total brain was taken at 10x magnification. Images of amyloid burden were analyzed and 
quantified with the ImageJ software, and the result was expressed as a thioflavin S-positive 
area per mm2. 
4.5 Results 
We performed measurements of cerebral tissue PO2 in the left barrel cortex of the following 
five experimental groups: wild type mice at 3 and 6-month-old (WT3, WT6), transgenic 
Amyloid Precursor Protein Presenilin-1 (APP/PS1) mice at 3 and 6-month-old (AD3, AD6), 
and APP/PS1 mice at 6-month-old for which voluntary exercise was initiated at 3-month-old 
(AD6&EX). The APP/PS1 transgenic mice develop memory dysfunction as amyloid 
accumulates with pathology onset occurring around 4.5 month old (Cifuentes et al., 2015; 
Dickey et al., 2003; Radde et al., 2006). Fig. 4-1a depicts the two-photon microscopy setup 
used to record the oxygenation measurements following tissue injection of the PtP-C343 
through a hole close to the cranial window. Imaging recording was performed via a 
transparent cranial window (see Fig. 4-1b). Multiple PO2 grid measurements over 200 × 200 
μm region were obtained though the depth of 50 - 350 μm to establish a three-dimensional 
(3D) PO2 map (Fig. 4-1c, Fig. 4-1e). Angiograms were recorded to obtain the vascular 
morphology (see Fig. 4-1d) and blood flow properties obtained from OCT. All imaging was 
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conducted in awake conditions to avoid possible confounding effects from anesthesia.  
 
Figure 4-1. Two-photon system setup and measurements. (a) A schematic diagram of 
fluorescent and phosphorescent two-channel two-photon system. (b) Imaging was performed 
in the animals’ cranial window under awake conditions. The mice could walk freely using a 
custom-built treadmill wheel with their head restrained by a titanium bar. The scale bar is 1 
mm. (c) An example of tissue PO2 grid measurements over a 200*200 μm region were 
obtained by phosphorescence lifetime microscopy, exhibiting clear tissue PO2 gradient 
around penetrating arterioles. The color bar shows the PO2 values in mmHg. The scale bar is 
100 μm. (d) En face maximum intensity projection of six adjacent three-dimensional (3D) 
fluorescent angiograms through the depth of 50-350μm. The scale bar is 200 μm. (e) 
Examples of cerebral vascular morphology and tissue PO2 grid measurements at different 
depths. Multiple planes were considered to build up a 3D PO2 map. Top views of the two 
stacks show diving arterioles with positions marked with red dots lines. The scale bar is 100 
μm. 
4.5.1 Cerebral tissue PO2 decreased with AD and was modulated by exercise 
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PO2 grid measurements were performed on specific areas of the angiogram figures (Fig. 4-2a 
and 4-2b). For each sampled PO2 point, the distance to the closest arteriolar wall was 
obtained by considering multiple planes in the penetrating direction. PO2 values exhibited 
decreasing trend with distance from the arteriolar wall (see Fig. 4-2c). The vascular wall PO2 
values (i.e. within the first 10μm from the wall), hypothesized to be correlated with the input 
vascular oxygen, were similar in the WT3 group and the AD3 group, but lower in the AD6 
group (see Fig. 4-2c). The PO2 values decayed faster with distance from the arteriole wall in 
AD groups (both AD3 and AD6), while the PO2 decay was slower in the AD6&EX group 
(see Fig. 4-2c).  The average tissue PO2 values, calculated by averaging all the sampled PO2 
values, were 46.4 ± 11.8 mmHg, 44.2 ± 12.3 mmHg, 41.4 ± 10.4 mmHg, 36.7 ± 9.9 mmHg 
and 45.3 ± 9.3 mmHg in the WT3, AD3, WT6, AD6 and AD6&EX mice groups, respectively 
(see Fig. 4-2d). The average tissue PO2 decreased non-significantly from the WT3 group to 
the AD3 group, indicating potential compromise of O2 delivery even in the early stage of AD 
(see Fig. 4-2d). In addition, the average tissue PO2 was significantly lower in the AD6 group 
than that in the WT6 group, supporting a decrease of tissue PO2 after the onset of AD (see Fig. 
4-2d). However, the average tissue PO2 was significantly higher in AD6&EX group than that 
in the AD6 group demonstrating a modulating effect of exercise on tissue PO2 (see Fig. 4-2d). 
In addition, the average tissue PO2 showed an increasing trend from WT6 to AD6&EX, 
indicating a potential anti-aging effect of exercises. A similar trend was observed when 
compartmenting data among different areas, including near arterioles, venules and tissue in 
the capillary bed (see Supp.Fig. 4-8). We observed an increased heterogeneity of the PO2 
spatial distribution with age (independently in WT and AD groups) and also with AD (see Fig. 
4-2e) which could be due to capillary transit time heterogeneity (CTTH) (Jespersen and 
Østergaard, 2012) as was documented previously in APPswe-PS1ΔE9 mice 
(Gutierrez-Jimenez, E. Angleys et al., 2018). This heterogeneity was reduced with exercise 
(see Fig. 4-2e).  
The accumulation of Aβ peptides is a hallmark of a pathological diagnosis of AD (Albert et 
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al., 2011). To further examine the impact of exercise the progression of AD, we performed Aβ 
staining ex vivo (see Fig. 4-3a). We observed that the Aβ accumulation significantly increased 
in the cortex from the AD3 group (13.8 ± 7.1 Aβ/mm2) to the AD6 group (35.1 ± 6.9 Aβ/mm2) 
and significantly decreased from the AD6 group to the AD6&EX group (28.0 ± 5.2 Aβ/mm2) 
(see Fig. 4-3b). 
 
Figure 4-2. An example of vascular angiogram with arterioles (A, red) and venules (V, blue). 
The scale bar is 100 μm. (b) Left: the PO2 grid measurement for the area in the red frame; 
Right: contour plot for the left image. The scale bar is 50 μm. (c) The variation of average 
tissue PO2 with distance from the vessel wall in different experimental groups. (d) Average 
tissue PO2 in different experimental groups (WT3: n=20391, AD3: n=18038, WT6: n=26124, 
AD6: n=22171, AD6&EX: n=22272 sampled points). The box represents interquartile range, 
42 
 
   
 
the central line indicates the median and the whiskers extend to the most extreme data points; 
the outliers are plotted individually using the '+' symbol. Statistical significance was 
computed using ANOVA followed by Tukey HSD post hoc tests, comparisons to AD6 shown. 
***: p < 0.001. The principle of box plot and significance level also apply to figures in the 
rest of the paper. (e) Heterogeneity of tissue PO2 in all experimental groups (calculated as 
standard deviation of PO2/mean) (WT3: n=20391, AD3: n=18038, WT6: n=26124, AD6: 
n=22171, AD6&EX: n=22272 sampled points). 
 
Figure 4-3. (a) Staining of Aβ plaques in the cortex area in mice groups of AD3, AD6, and 
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AD6&EX with magnified images in solid white frames representing the left and right parts of 
the areas in white dashed frames in three different groups. The scale bar is 5 mm. (b) Box plot 
of Aβ plaques in the cortex, quantified by the total number of Aβ plaques divided by the area 
of imaging (mm2). Aβ increased with age but decreased with exercise in the AD groups (AD3: 
n = 17, AD6: n = 17; AD6&EX: n = 22 sampled slices).  
 
4.5.2 Brain tissue hypoxic potential was increased with AD and reduced by exercise 
Given observed heterogeneity in PO2, we then investigated how low PO2 regions were 
organized spatially in different experimental groups. Reported values in the literature for 
critical tissue PO2 mainly range between 0.01 - 9 mmHg (Chance, 1957; K.A. Kasischke et 
al., 2011; MacMillan and Siesjo, 1971; Vaupel et al., 2007). Accordingly, we defined 
near-hypoxic regions as the areas where PO2 was less than 10 mmHg and regions with 
hypoxic potential as PO2 less than 15 mmHg. Fig 4a displays a few regions with low PO2 at 
two different depths (120 μm and 220 μm). Despite of the presence of an arteriole, there were 
areas with low PO2 values, which were located farther from the arteriole (see Fig. 4-4a), 
increasing the potential for neuronal loss in these areas. Performing a group analysis and 
investigating sampled points distributions, we observed that regions with low PO2 values 
were more frequent in AD groups (AD3 and AD6) than those in non-AD groups (WT3 and 
WT6) and the exercise group (AD6&EX) (see Fig. 4-4b). Investigation of the data revealed 
that the AD6 mice group had around 0.4% of points below the 10 mmHg threshold (see Fig. 
4-4c). However, few such points were detected in the other mice groups (see Fig. 4-4c). 
These trends were confirmed despite raising the threshold to 15 mmHg (see Fig. 4-4d).  In 
the AD6&EX group, voluntary exercise reversed this effect by increasing the level of PO2 
and decreasing the percentage of low PO2 areas. 
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Figure 4-4. Near-hypoxic domains in the AD6 group and the modulation of voluntary 
exercise. (a) (Right) Two representative near-hypoxic domains observed in the AD6 group 
(marked with red dots lines). The scale bar is 100 μm. (Left) The corresponding PO2 3D grid 
measurement over a 200* 200 μm region at two different depths (120 μm and 220 μm) and 
the zoomed near-hypoxic domains (marked with yellow dots lines). The scale bar is 50 μm. 
(b) Frequency of PO2 value distribution for each group. (c) Frequency of PO2 values lower 
than 10 mmHg in each group. The proportion of near-hypoxic points increased sharply with 
AD. (d) Frequency of PO2 values lower than 15 mmHg in each group. 
4.5.3 AD was associated with lower oxygen input and higher oxygen extraction fraction, 
reversed by exercise.  
We measured vascular-wall PO2 (within 5 μm from the wall) as a proxy for vascular PO2 in 
penetrating arterioles and venules in all mice groups. Specifically, we exploited vascular wall 
PO2 to estimate the vascular PO2 (inside the vessels) using a ratio (PO2 at vascular wall 
divided by vascular PO2) of 0.55, based on the work of Moeini et al.(Moeini et al., 2018) 
which measured PO2 values at both wall and inside the vessels and found a mainly constant 
ratio around 0.55 in all mice groups (young, middle-aged, and old). The PO2 values next to 
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the wall of arterioles were 56.2 ± 11.2 mmHg, 55.5 ± 12.0 mmHg, 50.3 ± 10.7 mmHg, 46.5 ± 
7.9 mmHg and 53.2 ± 7.9 mmHg in the WT3, AD3, WT6, AD6 and AD6&EX mice groups, 
respectively. The PO2 values next to the wall of venules were 42.0 ± 9.7 mmHg, 40.8 ± 12.7 
mmHg, 38.6 ± 10.8 mmHg, 34.8 ± 10.3 mmHg and 41.5 ± 8.9 mmHg in the WT3, AD3, 
WT6, AD6 and AD6&EX mice groups, respectively.  
Overall, PO2 values at the arteriolar wall were significantly lower in the AD6 group than 
those in the WT6 group (see Fig. 4-5a). However, the PO2 values at the arteriolar wall was 
significantly higher in the AD6&EX group than those in the AD6 group (see Fig. 4-5a), 
suggesting that exercise modulated oxygen input from arterioles. The PO2 values at the 
venule wall exhibited similar trend in different mice groups as those at the arteriole wall did 
(see Fig. 4-5b). Estimated oxygen saturation (SO2) was then calculated from vascular PO2 
based on the oxygen dissociation curve of mouse hemoglobin suggested by Uchida et al. 40 
with Hill coefficients specific for C57BL/6 MICE (h=2.59 and P50 = 40.2 mmHg). 
Estimations of oxygen extraction fraction (OEF) were then computed by 
OEF=(SaO2-SvO2)/SaO2). The estimated OEF was higher in the AD6 group than that in other 
groups (see Fig. 4-5c). 
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Figure 4-5. Oxygen supply and consumption in different groups. (a) Arterioles wall PO2 
(WT3: n= 30, AD3: n= 26, WT6: n= 36, AD6: n = 32, AD6&EX, n = 40 vessels) in each 
group. (b) Venules wall PO2 (WT3, n= 30; AD3, n= 26; WT6, n= 36; AD6, n = 32; AD6&EX, 
n = 40 vessels) in each group. Wall PO2 were calculated by the average of PO2 values within 
a distance of 10 μm from the arteriole or venule wall. (c) Oxygen extraction fraction 
(OEF=(SaO2-SvO2)/SaO2) was obtained from averaged arteriolar and venular SO2 values, 
which were converted from vascular wall PO2 values using Hill’s equation.  
4.5.4 Changes in non-capillary blood flow with AD and exercise 
Blood flow in non-capillary vessels (diameter >10 μm) was recorded using Doppler Optical 
Coherence Tomography (OCT) in all mice groups (see Fig. 4-6a). For each animal, total 
cerebral blood flows were averaged through the depth of 50-100 μm to obtain the mean total 
flow near the cortical surface. The CBF values were 1.25± 0.2 ml/g/min, 1.16 ± 0.5 ml/g/min, 
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1.55 ± 0.3 ml/g/min, 1.46 ± 0.3 ml/g/min, and 1.94 ± 0.4 ml/g/min in the WT3, AD3, WT6, 
AD6 and AD6&EX mice groups, respectively. We observed that total CBF displayed a 
decreasing trend from the WT6 group to the AD6 group. However, total CBF increased with 
voluntary exercise, as the CBF value was significantly higher in AD6&EX group than that in 
the AD6 group (see Fig. 4-6b). The CBF values showed increasing trend from the 6-month 
groups (i.e. AD6, WT6) to the 3-month group (i.e., AD3, WT3), which was consistent with 
findings in previous study (Moeini et al., 2018) showing an increase of CBF from young to 
middle aged mice due to increase of vascular diameter.  
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Figure 4-6. Non-capillary blood flow. (a) En face maximum intensity projection of a 3D OCT 
velocity volume at the depth of 50-100 μm. The top 50 μm volumes were removed to exclude 
the surface vessels. Positive velocity (red) represents arterioles and negative velocity (blue) 
represents venules. (b) For each animal, total cerebral blood flows were averaged through the 
depth of 50-100 μm to obtain the mean total flow near the cortical surface, as an estimate of 
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regional CBF (WT3:n=11, AD3: n=11, WT6: n=11, AD6: n=11, AD6&EX: n=11 c-scan 
volumes).  
4.5.5 Running distance correlates with brain oxygenation and blood flow 
Each mouse in the exercise group displayed different voluntary wheel-running distance over 
the period of 3 months where they were in the cages equipped with a wheel. To quantify the 
effect of distance on PO2, we correlated values with running distance in the AD6&EX group. 
We also measured the spatial coefficient of variation of PO2 in the capillary bed, since 
hypoxia was more likely to occur in areas far away from large vessels. Following Cohen 
(1988) (Cohen, 1988), which suggests that R2 greater than 0.37 is considered large in a 
regression analysis, we used 0.37 as the threshold for R2 to evaluate the correlation.   
Strong correlations were observed between running distance and PO2 near arterioles, venules 
and in the capillary bed, with R2 of 0.62, 0.83 and 0.67, respectively (see Fig. 4-7a, 4-7b, 
4-7c). The mean running distance was 2.7 km per day ranging from 2.4 to 4.0 km per day. 
Additionally, we found that the spatial coefficient of variation of PO2 in the capillary bed was 
negatively associated with the running distance in the AD6&EX group (see Fig. 4-7d). 
Correlation between non-capillary blood flow and running distance was also examined. The 
arteriole mean flow was positively associated with running distance (R2= 0.64, see Fig. 4-7e). 
However, the venule mean flow did not significantly correlate with the running distance (R2 < 
0.37, see Fig. 4-7f). 
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Figure 4-7. Tissue oxygenation and their relationships with running distance. (a, b, c) Strong 
correlations between running distance and near arterioles/near venules/capillary bed PO2 
values in the AD6&EX group (n=7 mice). The running distance was averaged over 90 days. 
(d) Spatial heterogeneity of PO2 in the capillary bed was negatively associated with the 
running distance in the AD6&EX group. (e) and (f) show the correlation between the mean 
flow and the running distance for arterioles and venules, respectively (n=7 mice). 
4.6 Discussion 
In this study, we found AD-related decreases in tissue PO2 in the mouse cortex in vivo and a 
modulatory effect of voluntary exercise on tissue PO2 using two-photon phosphorescence 
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lifetime measurements. Exploiting Doppler-OCT, non-capillary blood flow properties were 
also quantified in all experimental groups. Specifically, the key findings of the present study 
include 1) a decrease in average tissue PO2 with the onset of AD after 4.5 month (Cifuentes et 
al., 2015) (we used the same mouse model as the study of Cifuentes et al. (Cifuentes et al., 
2015) which found that the APP/PS1 mice displayed cognitive impairment in the 
episodic-like memory task starting from 4.5 month. Thus, in our study, we didn’t repeat the 
memory task to quantify the extent of cognitive decline), 2) higher spatial heterogeneity of 
tissue PO2 with both age and AD, 3) a modulatory effect of voluntary exercise on the-above 
mentioned relationships by increasing tissue PO2 and decreasing the spatial heterogeneity of 
tissue oxygenation and reducing the frequency of occurrence of near-hypoxic areas in the AD 
mice group, 4) a decrease of total blood flow, reversed by exercise, and 5) a dose-response 
relationship between running distance and brain oxygenation / blood flow. Our results further 
suggest that the changes in PO2 had the same trend in different regions, including near 
arterioles, near venules, and capillary bed, with voluntary exercise having similar modulating 
effects in these different areas. 
Brain physiology gains benefits from voluntary exercise based on both preclinical models and 
humans (Blurton-Jones et al., 2009; Dorr et al., 2017; Kim et al., 2016; Radak et al., 2010). 
Prior studies suggest that exercise-induced upregulation of vascularization can ameliorate 
oxygenation dysfunction in AD subjects (Kim et al., 2016; Radak et al., 2010). Exercise has 
the capability of inducing the brain-derived neurotrophic factor (BDNF) (Dorr et al., 2017) 
and nerve growth factor (NGF), which may contribute to decrease the speed of progression of 
AD (Blurton-Jones et al., 2009; Radak et al., 2010), resulting in enhanced cognitive 
function.  Our study contributes to this stream of research by revealing the beneficial effects 
of voluntary exercise in the AD mouse model on tissue oxygenation which supports the 
metabolic demand of neurons and the potential anti-aging effect of exercise on tissue 
oxygenation.    
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4.6.1 Hypoxic micro-pockets and AD  
Our observation of near-hypoxic areas in the AD mice group relates to previous 
neuro-pathological studies which found that tiny microinfarcts are common particularly in 
aging brain samples suffering cognitive decline, such as AD (Grammas, 2011; Smith et al., 
2012; Wang et al., 2012). Prior studies reported neuronal loss and cognitive impairment in a 
mouse model with multiple diffuse microinfarcts (Wang et al., 2012; Zlokovic, 2011). In 
addition, hypoxia could facilitate the amyloidogenic APP processing by increasing the 
activity of two key enzymes necessary for Aβ production (Zlokovic, 2011). These and our 
findings suggest that near-hypoxic areas observed in the AD group may be one of the 
mechanisms involved in the onset of AD. Whether inhibiting hypoxia-associated pathways 
could delay or control the progression of AD remains unclear, and future studies may 
investigate the preventive method for hypoxia and its influence on the onset of AD.  
4.6.2 The link between voluntary exercise and Aβ protein in AD  
Our ex vivo staining study further suggests that voluntary exercise slowed cortical 
accumulation of Aβ deposits in the ADO&EX group. Although small and potentially with 
limited biological significance in this very aggressive mouse model, this demonstrates that 
exercise improves clearance of Aβ deposits and/or reduces their production: in the long term, 
this suggests that exercise could contribute to delay the onset of AD in patients at risk. A 
study using the neuron-specific enolase (NSE)/Swedish mutation of amyloid-β protein 
precursor (Aβ PP) transgenic mice showed that 16 weeks of treadmill running decreased the 
levels of the Aβ in the AD mice model (Um et al., 2008).  Other animal studies also suggest 
healthy life-style could protect against neurodegeneration associated with AD by decreasing 
the Aβ  levels in the cortex and hippocampus (Walker et al., 2015). Our study showed 
consistent finding on the potential beneficial effects of voluntary exercise on the control of Aβ 
deposits accumulation with prior studies. In addition, our study takes a further step to 
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understand the oxygenation mechanism associated with this change to Aβ deposits. 
Specifically, the accumulation of Aβ deposits is accompanied by a compromised cerebral 
tissue oxygenation. Due to the limitation of sample size, we did not establish a link between 
the running distances and the number of Aβ deposits, a direction to be considered in future 
studies.   
4.6.3 The dose-response relationship between running distance and cerebral tissue 
oxygenation/blood flow 
We observed positive correlations between running distance and tissue PO2 in different areas. 
Running distance was also positively associated with arteriolar blood flow. This 
dose-response finding may provide insight for future studies to explore exercise intensity 
with the purpose of maximizing benefits for cerebral tissue oxygenation and blood flow in 
AD patients. Given our limited intervention and maximal total running distance (around 
4,000 meters), future research may explore whether an inverted U-shaped relationship will be 
present after the running distance exceeds 4,000 meters. Prior studies suggest that prolonged 
exercise in high density reduces muscular fatigue and improves cardiac performance in rats 
(Di Filippo et al., 2015). Other studies suggest an inverted U-shaped relationship between 
exercise and cognitive function such that cognitive performance decreases after reaching the 
optimal intensity of exercise in human subjects (Kamijo et al., 2007; Kashihara et al., 2009; 
Mekari et al., 2015).  Thereby, future study may further examine the impact of the extent of 
exercise on improving tissue oxygenation/blood flow in AD models.  
4.6.4 Awake imaging of cerebral oxygenation  
We have developed a technique to image cerebral oxygenation in awake condition to remove 
the confounding effects from anesthesia, since anesthesia could change physiological and 
hemodynamic parameters in experimental animals (Schroeter et al., 2014). Our method is 
based on an angled-wheel that allows mice to walk without signs of stress, while their heads 
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were restrained below the objective of a two-photon microscope. The relatively modest 
motion between brain and microscope facilitated brain oxygenation imaging using 
O2-sensitive probe in awake mice.  
4.7 Conclusion 
The present investigation provides evidence that exercise could play a preventive role by 
adjusting the vascular structure and cerebral oxygenation to facilitate the efficient supply of 
oxygen. Although AD is associated with compromised brain oxygenation in our mouse model, 
voluntary exercise could be an important means for preserving neurovascular coupling and 
slow the rate of neurodegeneration in patients at risk of AD.  
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5.1 Abstract 
Dysfunction in neurovascular coupling that results in a mismatch between cerebral blood 
flow and neuronal activity has been suggested to play a key role in the pathogenesis of 
Alzheimer’s disease (AD). Meanwhile, physical exercise is a powerful approach for 
maintaining cognitive health, and could play a preventive role against the progression of AD. 
Given the fundamental role of capillaries in the oxygen transport to tissue, our study aimed to 
characterize changes in capillary hemodynamics with AD and AD supplemented by exercise. 
Exploiting two-photon microscopy, intrinsic signal optical imaging and magnetic resonance 
imaging, we found hemodynamic alterations and lower vascular density with AD, reversed by 
exercise. We further observed that capillary properties were branch order dependent and that 
stimulation evoked changes were attenuated with AD but increased by exercise. Our study 
provides novel insights into cerebral microcirculatory disturbances with AD and the 
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5.3 Introduction 
Alzheimer’s disease (AD) is the most common cause of cognitive impairement in the erderly 
(Toledo et al. 2013; Iadecola 2010a). Dysfunction in neurovascular coupling resulting in a 
mismatch between cerebral blood flow and neuronal activity has long been suggested to play 
a part in the pathogenesis of AD (Kisler et al. 2017; Zlokovic 2011; Iadecola 2010b; Iadecola 
2004). AD also shares many risk factors with cardiovascular diseases (Nielsen et al. 2017; 
Østergaard et al. 2013), and is associated with alterations in vascular function (Iadecola 
2010a). Capillaries are the vessels most proximal to neurons (Stefanovic et al. 2008), and 
thus play a significant role in modulating oxygen extraction to support neuronal activity 
(Nielsen et al. 2017; Østergaard et al. 2013; Hall et al. 2014). Characterizing microvascular 
(dys)function in AD is of vital importance as compromised capillary networks may lead to 
hypoxia, which in turn damages neurons and precipitates Aβ amyloid retention (Nielsen et al. 
2017). The fisrt aim of this study was to quantify the changes in capillary red-blood-cell 
(RBC) dynamics with AD to provide insights on these questions.  
Beyond characterizing hemodynamic dysfunction in microvessels, it is also critical to explore 
how to mitigate the negative impacts of AD on microcirculation. Physical exercise is a 
powerful approach for maintaining cognitive health, and is hypothesized to play a preventive 
role against the progression of AD (Radak et al. 2010). Regular aerobic exercise was found to 
inhibit the progression of amyloid-related neuropathology in mouse models of AD (Adlard et 
al. 2005) and enhance cognitive performance in humans (Pereira et al. 2007; Brown et al. 
2010; Hayes, Alosco, and Forman 2014). Voluntary exercise has also been shown to improve 
vascular function in mouse model of atherosclerosis (Shing et al. 2015). Oxidative stress 
associated with aging has been found to be reduced with exercise in both humans (Pialoux et 
al. 2009) and rodents (Durrant et al. 2009) studies. Notwithstanding, the hemodynamic 
changes in microvascular networks in response to physical exercise with the onset of AD has 
yet to be studied. Despite a number of hypotheses that indicate the beneficial role of exercise, 
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we still do not have a clear quantification of these changes which can now be done with in 
vivo optical imaging techniques. The second aim of this study was, thus, to quantify the 
modulation of exercise on cerebral capillaries in AD. 
To address these questions, we applied multiple imaging techniques, including two-photon 
microscopy, intrinsic optical signal imaging (IOSI), and magnetic resonance imaging (MRI),  
to measure the hemodynamic changes at different spatial scales and the overall 
stimulus-evoked response and brain perfusion. We found capillary hemodynamic alterations 
and lower vascular density with AD, modulated by exercise. We further observed that 
capillary RBC flow properties were branch order dependent and that the stimulation evoked 
changes were decreased with AD but increased by exercise. By quantifying stimulus-evoked 
response in IOSI and brain perfusion in MRI, we could examine the association between the 
hemodynamic changes in capillaries and the global changes of cortex in AD.  
5.4 Methods 
5.4.1 Animal groups 
The experimental animals were handled based on the Animal Research: Reporting of In Vivo 
Experiments guidelines (ARRIVE) and the recommendations of the Canadian Council on 
Animal Care. The protocol was approved by the ethics committee of the research center of the 
Montreal Heart Institute. Experiments were performed in male wild type mice at 6-month-old 
(WT6: n=4), transgenic Amyloid Precursor Protein Presenilin-1 (APP/PS1) mice at 
6-month-old (AD6: n=4), and APP/PS1 mice at 6-month-old for which voluntary exercise 
was initiated at 3-month-old (AD6&EX: n=4). Previous work showed a clear onset of 
cognitive symptoms in APP/PS1 mice at 4.5-months-old (Cifuentes et al. 2015) and 
established at 6-month-old (de Montgolfier et al. 2019), and thus, we conducted imaging at 
6-month old and investigated the hemodynamic changes in this relatively early stage of AD. 
For the AD6&EX group, mice started running on wheels at 3-month-old, and continued the 
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daily exercise till 6-month-old when imaging data were recorded. The wheel (diameter 15 cm, 
recorded by easy matrix 16 EMKA) was attached outside the cage to ensure enough living 
space, and the number of wheel running was recorded using the LE907 individual counter on a 
daily basis. The running distance averaged across mice ranged from ~2 to ~4 km per day in the 
3-month exercising period. 
5.4.2 Two-photon imaging 
To be prepared for two-photon imaging, mice were performed with the craniotomy and adapted 
to the awake imaging device. On the day of cranial surgery, animals were under anaesthetia 
with 1.5-2.0% isoflurane mixed in pure oxygen, with their physiological parameters monitored 
in real time. A fixation bar was attached for awake imaging. At the same time as bar fixation, an 
imaging cranial window was prepared to allow for two-photon imaging of the mice cortex 
following well-established guidelines (Shih et al. 2012). A cranial window with 3-mm 
diameter was made over the left barrel cortex (0.5 mm posterior to bregma, 3.5 mm lateral to 
the midline). Agarose in artificial cerebral spinal fluid (ACSF) was placed over the exposed 
skull and then a three-layer cover glass was glued on the skull to generate a transparent cranial 
window. Ketoprofen (5 mg/Kg, Merial, Canada) and buprenorphine (0.05 mg/Kg, Reckitt 
Benckiser Healthcare, UK) were injected before the surgery for analgesic and antipyretic 
effects. Baytril (5 mg/Kg, Bayer, Germany) was injected by completing the surgery and one 
day after the surgery to control bacterial infection. To adapt to the device during imaging, 
animals were trained on the imaging wheel in 4 fixation-training sessions beginning after 3 
days of recovery following the cranial surgery. The length of fixation time gradually increased 
from 10 to 45 min over the four sessions. 
A home-built two-photon microscope was used to record functional capillary data and vascular 
density. The MaiTai-BB laser oscillator (Newport Corporation, USA) of the two-photon 
microscope generated a sequence of 820 nm, 80 MHz, 150 fs pulses modulated by an 
acousto-optic modulator for power control. The fluorescent dye (dextran-FITC) was injected 
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through the tail vein to distinguish plasma (in bright colors) and RBCs (appearing as dark 
shadows) in the recorded images. The line scans were performed both perpendicularly and 
longitudinally to each measured capillary over 250 ms time intervals to generate space-time 
images. In consecutive longitudinal scans, the dark shadows move towards the right or left of 
the scanning beam because of the movement of RBCs, resulting in tilted dark streaks in the 
space-time image (Kleinfeld et al. 1998). The angle of these dark streaks was used to quantify 
RBC velocity, with streaks closer to horizontal orientation associated with higher velocity. In 
perpendicular line scans, the signal is dark when a RBC is passing through the optical focus 
and RBC flux can be assessed. Following line scanning, 3D angiograms were obtained over 
four overlapping 600 × 600 µm2 (400 × 400 pixels) regions at depths of 100 – 550 µm with 5 
µm steps at the frame rate of 0.5 Hz. During all measurements, animals were awake, with head 
fixed by a titanium bar and limbs free to move on the rotating wheel (Moeini et al. 2018; 
Moeini et al. 2019).  
5.4.3 Quantification of capillary properties  
The spacetime images were used to obtain the following capillary parameters, following 
(Moeini et al. 2018): (1) diameter by fitting the perpendicular scans with a Gaussian function 
with estimated diameter at half maximum of the distribution; (2) RBC velocity from the angle 
of the streaks in longitudinal scanning; (3) RBC flux, calculated by the number of dark 
shadows divided by the acquisition time of the images (the flux was obtained from the average 
of values in longitudinal scan and perpendicular scan); and (4) hematocrit, calculated by RBC 
flux × RBC volume/ capillary volumetric flow capillary ( capillary volumetric flow = RBC 
velocity × capillary cross-sectional area; RBC volume assumed to be 55 μm3 for C57Bl/6 mice 
(Wirth-dzięciołowska and Karaszewska 2009)). The angiogram images were used to compute 
the vascular density using a deep learning segmentation approach based on the FC-Densenets 
architecture (Damseh, Cheriet, and Lesage 2018; Damseh et al. 2018). The vascular density 
was estimated by removing the pial vessels on the top of the imaging area but including the 
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penetrating arterioles and capillaries.  
We also divided the capillaries based on the branching order. The artery region with diving 
arteriole, precapillary arteriole, and capillaries was labelled with respect to branching order 
A1, A2, and A3 with A1 branching off directly from the precapillary arterioles. The vein 
region with surfacing venule and postcapillary venule was labelled with the branching order 
V1, V2, and V3, with V1 directly linking to veins. In our recordings, the capillary segments 
ranged from 6 to 12 branch orders. We only labeled and defined the first three branch orders 
from arterioles (A1, A2, and A3) and venules (V1, V2, and V3). When a capillary path had 
more than 6 branching orders, these additional branch orders were merged into V3, thus 
enabling consistent numbering for all capillaries observed. 
5.4.4 Magnetic resonance imaging (MRI) 
MRI scanning was performed with a 30 cm 7T horizontal MR scanner (Agilent, Palo Alto, 
CA) before two-photon imaging. The mice were in prone position and imaged with a gradient 
insert coil (12 cm inner diameter, gradient strength 600 mT/m, and rise-time 130 ms). The 
brain was imaged with a 2-channel receive-only surface coil and a quadrature 
transmit/receive birdcage coil (RAPID Biomedical, Germany), while the animal was 
anesthetized with 1.4-2.2% isoflurane in air with 30% oxygen, with body temperature kept at 
37.0°C. Respiration was monitored with a target of ~100 bpm, adjusting the level of 
isoflurane only whenever the rate was outside 80-120 bpm. Physiological parameter 
including heart rate was monitored during imaging.   
Anatomical images were recorded with a 3D true free induction with steady-state precession 
(TFISP) sequence (Bowen, Gati, and Menon 2006). Then a 3D amplitude-modulated 
continuous arterial spin labeling scan (amCASL) was acquired (TR = 3.0 s, labeling duration 
= 1.0 s, 60 x 54 x 48 matrix, 300 x 333 x 333 µm resolution, 23-min scan time).  
The anatomical recordings were first aligned manually to a previously produced anatomic 
template using ITK-SNAP, and then co-registered non-linearly with the advanced 
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normalization tools (ANTs) (B.B. Avants et al. 2011; Brian B. Avants et al. 2010), thus 
producing the ANTs transformations to co-register the perfusion scans to a common 
referential. Perfusion was calculated voxel-by-voxel as described in (Chugh et al. 2012), with 
assumed parameters (brain/blood partition coefficient=0.9 mL/g, mouse arterial blood transit 
time=0.08 s, tagging efficacy=0.67, T1b = 2.3 s, T1 = 1.53 s, T1sat = 0.57 s, Ma
z(w) = 0.48 s). 
The MarsBar toolbox in SPM was also used to extract the average perfusion data 
(Delafontaine-Martel et al. 2018). 
5.4.5 Intrinsic signal optical imaging (ISOI)  
An ISOI system (Labeo Technologies Inc.) was used to investigate the stimulus-evoked 
hemodynamic responses in all experimental groups. Whiskers of mice were deflected at a rate 
of 10 Hz to activate the somatosensory cortex, with 5-second stimulation time and 15-second 
post-stimulus period. Illumination using green and red lights was positioned to illuminate the 
exposed skull of the mouse head. Images were acquired by a camera at a rate of 5 Hz per 
wavelength over a period spanning 10 stimulation repetition. We computed changes in 
oxy-hemoglobin concentration (Δ[HBO](t)), deoxy-hemoglobin concentration (Δ[HBR](t)), 
and total hemoglobin concentration (Δ[HBT](t)) as was done in (Dubeau, Desjardins, et al. 
2011; Dubeau, Ferland, et al. 2011). 
5.5 Results 
5.5.1 Capillary RBC flow is altered by AD and modulated by exercise 
To better understand the role of exercise and AD on capillary RBC flow properties, we 
assessed the values of the resting capillary diameter, RBC velocity, RBC flux and capillary 
hematocrit in all groups and their coefficient of variation (CV) using two-photon microscopy. 
In Fig 5-1a, we observe that the capillary diameter increased significantly from the WT6 
group (4.67 ± 0.06 µm) to the AD6 group (4.98 ± 0.07 um)  and to the AD6&EX group 
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(5.15 ± 0.08 µm). Voluntary exercise led to a trend of increasing for the capillary diameter 
(see Fig. 1a). A decreasing trend of RBC velocity from WT6  (0.87 ± 0.03 mm/s) to AD6 
(0.79 ± 0.03 mm/s) was also observed (see Fig. 5-1a). RBC velocity trended higher with 
exercise (velocity in the AD6&EX group: 0.91 ± 0.04 mm/s) (see Fig. 5-1a). However, there 
were no significant differences of RBC flux between groups (see Fig. 1a). Finally, the 
capillary hematocrit decreased from the WT6 group  (39.57 ± 1.15 %) to the AD6 group  
(35.15 ± 1.30 %) (see Fig. 5-1a). Exercise elevated the hematocrit (AD6&EX group, 37.32 ± 
1.19 %) as expected from physiology (see Fig. 5-1a). 
Given the hypothesis that capillary heterogeneity is a key element in oxygen delivery, we also 
computed the CV of these parameters. The CV represents the variations of each property 
within a capillary as a function of time (5 seconds). In Fig. 5-1b, we show the CV of each 
parameter to explore the influence of AD and exercise on capillary heterogeneity. There were 
no significant differences of diameter CV between groups (see Fig. 5-1b). However, we 
observed significant variations of the velocity CV, flux CV and hematocrit CV. Specifically, 
the velocity CV increased from the WT6 (18.53 ± 0.66 %) to the AD6 (23.91 ± 1.27 %) 
significantly (see Fig. 5-1b). Exercise trended to reduce the velocity CV from the AD6 to the 
AD6&EX (20.97 ± 1.15 %, see Fig. 5-1b). Likewise, flux CV increased from the WT6 (29.17 
± 1.25 %) to the AD6 (40.63 ± 2.13 %) significantly (see Fig. 5-1b). Exercise decreased the 
flux CV from the AD6 to the AD6&EX (35.50 ± 1.58 %) significantly (see Fig. 5-1b). 
Finally, hematocrit CV increased from the WT6 (14.65 ± 0.79 %) to the AD6 (20.95 ± 
1.41 %, p<0.001), while exercise trended towards a reduction of the hematocrit CV from the 
AD6 to the AD6&EX (18.42 ± 1.08 %, see Fig. 5-1b). Taken together, capillary flux and 
speed were reduced with AD, associated with increased variations in time while exercise 
regularized parameters towards values found in WT mice. Capillary diameter was the 
exception to this. Given the increased heterogeneity in RBC velocity, RBC flux, and 
hematocrit with AD, we further analyzed the variations of these properties as a function of 
branch order of capillaries to explore how they varied from the upstream to the downstream 
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Figure 5-1. Capillary RBC flow characteristics in different groups. (a) Capillary diameter, 
RBC velocity, flux and hematocrit in different experimental groups (460, 508, and 562 
capillaries measured in the AD6, AD6&EX and WT6 groups, respectively). (b) Coefficient of 
variation (CV) shown for all capillary parameters (460, 508, and 562 capillaries measured in 
the AD6, AD6&EX and WT6 groups, respectively). The CV in each capillary was computed 
based on multiple frames recorded each 0.25s within a 5-second time window. Thus CV 
represents the temporal variations of each property within a capillary. CV was computed by 
standard deviation devided by mean. Statistical significance was computed using ANOVA 
followed by Tukey HSD post hoc test. + : p< 0.1, *: p < 0.05, **: p < 0.01, ***, p < 0.001. 
Data are expressed as mean ± s.e.m. . This significance level also applies for the figures 
below.  
5.5.2 Capillary RBC properties are branch order dependent. 
We used the 3D angiogram to distinguish different branching orders in capillaries (see Fig. 
5-2a). We investigated how capillary hemodynamics varied in different branching orders for 
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all groups. 
We observed that the average diameter showed a slight decreasing trend in WT6 group, while 
its value remained stable in the AD6 group (see Fig. 5-2b first from the left and Fig. 5-2c first 
from the left). With exercise, the AD group remained relatively stable with a dip in the 
downstream capillaries (see Fig. 5-2b first from the left). The smaller diameter in 
downstream capillaries could be linked to the stalling occuring more in the downstream 
capillaries (Erdener et al. 2017). The average RBC velocity showed sharp decrease in the 
upstream capillaries for all groups (see Fig. 5-2b second from the left). The average RBC flux 
also had sharp reduction in all branches for the AD groups, but had a moderate decrease in 
the WT group (see Fig. 5-2b third from the left). Finally, all groups showed increasing trends 
of hematocrit from upper to lower streams (see Fig. 5-2b the fourth from the left and Fig. 
5-2c the fourth from left).  
Due to the larger reduction in the first three branching orders of capillary RBC velocity and 
flux, we further calculated the RBC property differences among the initial three orders for 
each group to explore the differences across branches. We observed that for the initial three 
orders (from A1 to A3), the RBC velocity dropped at least 62% (calculated by (A1-V3)/A1) 
(67.28%, 67.70%, 62.25% for AD6, AD6&EX, and WT6, respectively) (see Fig. 5-2c the 
second from left), suggesting that the RBC velocity was largely modulated in the upper 
stream of capillaries. Additionally, for the average RBC flux, we observed that in the initial 
three orders (from A1 to A3), the flux dropped ~ 32% over three groups (calculated by 
(A1-V3)/A1) (32.74%, 31.87%, 34.83% for AD6, AD6&EX, and WT6, respectively) (see Fig. 
5-2c the third from left), indicating that the RBC flux modulation in the upper orders still 
largely contributed to the variance of overall RBC flux across all capillaries.  
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Figure 5-2. Capillary property changes with branching orders. (a) Left : a maximum intensity 
projection image of the angiogram; Second from the left: an en face slice at the depth of ~100 
µm. The red square indicates the area used to calculate branching orders from arterioles, and 
the blue square indicates the  area used to calculate branching orders from venules. Third 
from left: the enlarged artery region with diving arteriole, precapillary arteriole, and 
capillaries labelled with branching orders. Fourth from left : the enlarged vein region with 
surfacing venule and postcapillary venule, labelled with the branching orders. (b) The 
changes of capillary diameter/velocity/flux/hematocrit as a function of branching order (460, 
508, and 562 capillaries measured in the AD6, AD6&EX and WT6 groups, respectively). (c) 
diameter/velocity/flux/hematocrit differences among the first three branching orders in 
different groups (460, 508, and 562 capillaries measured in the AD6, AD6&EX and WT6 
groups, respectively).  
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5.5.3 High temporal fluctuations of capillary RBC velocity and flux were more frequent 
with AD. 
Previous studies observed spontaneous stalls in capillary red blood cell (RBC) flux in 
individual capillary segments (Erdener et al. 2017; Hernández et al. 2019).  We thus 
analyzed our data to capture the presence of highly fluctuating RBC properties in capillaries 
by quantifying the fraction of capillaries with outlier standard deviations of RBC flux or 
speed within a 5-second recording window (see Fig. 5-3a and 5-3b). Although stalling was 
not characterized in our experiments, these capillary outliers tend to display highly 
fluctuating flux and velocity, which may influence oxygen extraction (Gutiérrez-Jiménez et al. 
2016; Østergaard et al. 2016). Examples for capillary outliers with temporally high 
self-fluctuation of RBC flux and velocity were shown in Fig. 5-3a and Fig. 5-3b, respectively.  
We further calculated and compared the fraction of outliers in all groups, and found that the 
propotion with high temporal self-fluctuating RBC velocity was highest in the AD6 group 
(10.43%, 48 outliers in 460 capillaires), followed by the AD6&EX group (9.45%, 48 outliers 
in 508 capillaries), and lowest in the WT6 group (8.19%, 46 outliers in 562 capillaries) (see 
Fig. 5-3c). We did the same analysis for RBC flux (see Fig. 5-3d). We also found that the 
propotion with high temporal self-fluctuating RBC flux was highest in the AD6 group 
(18.70%, 86 outliers in 460 capillaires), followed by the AD6&EX group (15.35%, 78 
outliers in 508 capillaries), and lowest in the WT6 group (13.17%, 74 outliers in 562 
capillaries) (see Fig. 5-3d).  
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Figure 5-3. High temporal capillary fluctuations of RBC velocity and RBC flux. (a) Imaging 
snapshots of the RBC trajectory showing high fluctuations of RBC flux in a capillary with 
0.25 second as interval during a 5-second recording window. The flux was calculated based 
on the average value of flux from longitudinal and perpendicular scans. (b) Longitudinal 
equivalent, RBC velocity was calculated from the angle of dark streaks in a  specific frame 
of recording. (c) The percentage of capillaries with high temporal fluctuations of RBC 
velocity in all groups. The “isoutlier” method in MATLAB was applied to detect outliers with 
a standard deviation of RBC velocity exceeding three standard deviations from the mean. (d) 
Same for RBC flux.  
 
5.5.4 Higher vascular density peak value and lower average vascular density in the AD 
group. 
We calculated the vascular density from two-photon angiograms (see Fig. 5-4a) after binary 
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segmentation. Interestingly, all experimental groups reached their peak values of vascular 
density at a depth of ~220 µm, and then gradually decreased with increasing depth under the 
brain surface (see Fig. 5-4b). The AD groups (both AD6 and AD6&EX) had significant 
higher peak values (AD: 14.60 ± 0.98%; AD6&EX: 14.48 ± 1.09%), when compared with the 
peak value of the WT6 (12.74 ± 0.70%) (see Fig. 5-4b). Voluntary exercise did not 
significantly change the peak value of vascular density (see Fig. 5-4b). When integrating 
across depths, the AD6 group had signficant lower average value (8.16 ± 0.37%), compared 
to the WT6 group (8.85 ± 0.29%) (see Fig. 5-4c). With voluntary exercise, the AD6&EX 
group (8.64 ± 0.34%) exhibited significant higher vascular density than the AD6 group (see 
Fig. 5-4c). However, there was no significant difference in vascular density between the 
AD6&EX and WT6 groups (see Fig. 5-4c).  Overall, higher vascular density peak value and 
lower average vascular density were observed in the AD groups, the latter being modulated 
by exercise. 
 
Figure 5-4. Vascular distribution in different experimental groups and different depths. (a) 
Binarization of microvascular angiograms was applied to calculate the vascular density. Left: 
MIP image with depths ranging from 100 to 550 µm under the brain surface with 5 µm steps. 
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Right: an example of a binary segmentation of a single en face slice after removing the large 
horizontal vessels at the depth of 120 um (scale bar : 100 µm). (b)  Average vascular density 
in different experimental groups as a function of depth from 100 to 550 µm under brain 
surface (14 angiograms in each group). (c) Estimated vascular density (volume%). Results 
are presented as box plot with the median value (red line).  
 
5.5.5 AD reduced brain perfusion and task-related changes, with the latter modulated by 
exercise 
We used MRI to quantify brain perfusion in each group (see Fig. 5-5a and Fig. 5-5b). We 
observed that brain perfusion decreased significantly from the WT6 group (2.69 ± 0.15 
ml/g/min) to the AD6 group (2.16 ± 0.10 ml/g/min) (see Fig. 5-5c). However, exercise did 
not significantly modulate brain perfusion in AD groups (AD6&EX: 2.13 ± 0.16 ml/g/min) 
(see Fig. 5-5c).  
ISOI was also used to investigate the response to stimulation to investigate task-related 
changes of hemoglobin concentration (see Fig. 5-5d and 5-5e). Whiskers of mice were 
deflected to activate the somatosensory cortex, with 5-second stimulation time and 15-second 
post-stimulus period. We observed increased HBO with the stimulation for all groups, while 
HBO had higher peak values in the WT6 group and the AD6&EX group when compared to 
the AD6 group, as shown in Fig. 5-5d. We found that the Δ[HBO](t) in the AD6 group (10.75 
± 0.64 µM) was significantly lower than that in the WT6 group (15.00 ± 0.85 µM). However, 
exercise tended to increase the Δ[HBO](t) from the AD6 group to the AD6&EX group (12.69 
± 0.85 µM, see Fig. 5-5f upper panel). Finally, there were no significant differences regarding 
Δ[HBR](t) between groups (see Fig. 5-5f lower panel). By quantifying stimulus-evoked 
response in IOSI and brain perfusion in MRI, we found that the disruption in capillary 
hemodynamics was associated with the global changes in brain cortex in AD. 
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Figure 5-5. (a-b). MRI scans with coronal and axial views of the cortex. (c) Quantification of 
cerebral perfusion (ml/g/min) by MRI. (d) Averaged temporal response of oxy-hemoglobin 
(HBO) for all groups with 5-second stimulation (blue background). (e) Temporal dynamics of 
total hemoglobin (HBT) response to whisker stimulation. Stimulation lasted for 5 seconds, 
followed with 15-second rest. (f) Averaged results for change of HBO (Δ[HBO](t)) and 
change of HBR (Δ[HBR](t))  over all mice (28, 24, 30 stimulation curves for the AD6, the 
AD6&EX, and the WT6, respectively).  
5.6 Discussion  
In this study, we aimed to quantify hemodynamic properties and the modulation role of 
exercise on cerebral capillaries in AD, due to the important role of microcirculation in 
cognitive health (Erdener et al. 2017; Østergaard et al. 2016; Hernández et al. 2019; Zhang et 
al. 2017). Exploiting awake microscopic vascular imaging and a transgenic mouse model of 
82 
 
   
 
AD, we found that in this model (APP-PS1), AD is associated with hemodynamic disruption 
in capillaries. Voluntary exercise was seen to decrease capillary hemodynamic heterogeneity, 
potentially through a reduction of microvascular oxidative stress associated with AD (Radak 
et al. 2010), although exercise did not increase the global cerebral blood flow in the cortex.  
5.6.1 Capillary flow property changes to AD and exercise 
Blood flow was significantly reduced in AD6 group, compared with WT6 mice, but was 
partially increased with exercise in the AD6&EX group, compared with the AD6 group. 
Specifically, RBC velocity was decreased with AD, reversed by exercise. The disrupted RBC 
velocity could result from the occlusion of vessels due to the amyloid deposition 
(Arbel-Ornath et al. 2013). The reduced RBC velocity could in turn lead to compromised 
perfusion in the mice cortex, further slowing the clearance of  amyloid and increasing its 
deposition (Kisler et al. 2017). We further observed that hematocrit was reduced with AD, 
compared with the WT mice, partially increased by exercise. Previous study (Moeini et al. 
2018) found reduced hematocrit in healthy aging, thus disrupting capillary oxygen delivery 
efficiency. Prior literature has also observed miscrocirculation flow disruption in other 
cardiovascular disease, such as stroke (Kazmi et al. 2013), hypertension (Pialoux et al. 2009), 
and even healthy aging (Dubeau, Ferland, et al. 2011). The microvascular flow alterations 
observed in our study suggest that AD does share many similar microvessel disruptions with 
cardiovascular pathologies and aging. These microvessel problems could be alleviated by 
exercise, as the case in other cardiovascular diseaseas (Brown et al. 2010; Pialoux et al. 
2009).  
We also found that RBC properties, especially velocity and flux, were branch order 
dependent for all experimental groups. Prior study (Sakadžić et al. 2014) suggests that 
oxygen is in good proportion extracted in the first few branches after the precapillary arteriole 
in normal physiological conditions. Our results were related to previous finding and showed 
that RBC velocity and flux decreased from the upstream capillaries to the downstream 
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capillaries for all groups to allow for oxygen delivery. Capillaries are responsible for 
transporting oxygen and nutrients to brain tissue, and clearing metabolic end products from 
brain to venous circulation (Kisler et al. 2017). In capillary segments close to arterioles, 
capillaries were observed to have larger RBC velocity and flux, potentially enabling delivery 
of oxygen and energy metabolites to the brain tissues. Future research may further explore 
the functioning of different capillary branches and how they play a role in AD.   
Capillary obstruction due to flow dysfunction and tissue inflammation has been shown in 
animal models, and has been found to induce neurodegenerative pathologies (Santisakultarm 
et al. 2014; Erdener et al. 2017; Hernández et al. 2019). Inflammation and flow disruption are 
well-recognized features of AD (Gaugler et al. 2018). Inflammation triggers reactive oxygen 
species, which lead to obstruction in capillaries (Park et al. 2008). Meanwhile, amyloid 
deposition may also lead to vessel occlusion by disrupting the interstitial fluid drainage 
pathway (Arbel-Ornath et al. 2013). Although we only focussed on non-stalling capillaries in 
this study, the highly fluctuating RBC velocity and flux could indicate potential 
microvascular flow problems. We found higher fraction of capillaries with high 
self-fluctuations of RBC velocity and flux in AD, slightly decreased with exercise. Previous 
research suggests that capillary flow patterns should homogenize to support metabolic 
demands, whereas heterogenous velocities across the capillary network diminishes the 
oxygen extraction capabilities (Stefanovic et al. 2008; Gutiérrez-Jiménez et al. 2016). Our 
results suggest more heterogenous flow distribution in the AD group, when compared to WT, 
but a reduced heterogeneity in the AD&EX group, compared with the AD group which may 
underly the benefits of exercise in AD. 
5.6.2 Vascular morphology alterations in AD 
Studies on morphological abnormalities of capillaries in AD reported less dense capillary 
densities due to deposit of Aβ amyloid (Kitaguchi et al. 2007). Previous work indicated a 
more rapid loss of vascular density with age, leading to compromised cerebral perfusion 
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(Farkas and Luiten 2001). Our results indicate that AD is associated with lower vascular 
density, which could contribute to reduced cerebral perfusion. However, this negative effect 
was partially mitigated by exercise. Several previous studies have demonstrated the capacity 
of exercise to improve cognitive function (Hamer and Chida 2008; Durrant et al. 2009; 
Mekari et al. 2015). Here our data supports the positive role of voluntary exercise on the 
maintenance of healthy vascular density. The higher peak vascular density and lower average 
vascular density in AD group may imply the vascular density was more heterogeneous in the 
AD group, which may influence oxygen and nutrients supply through vessels in areas with 
loose microvasculature.AD could also influence capillary diameter constriction and dilation 
which  respond to brain demands (Iadecola 2017). Prior studies have shown the pericytes, 
the multi-functional cells wrapping around the capillaries, are able to influence capillary 
diameter to adjust the oxygenation levels (Iadecola 2017; Østergaard et al. 2013). Minimal 
changes in capillary diameter could produce large changes in oxygen delivery, since 
capillaries are closest to neurons in the vascular network and have large surface area. 
Interestingly, we observed increased capillary diameters in the AD group and the exercise 
group. This change of diameters could be due to the compromised flow in AD groups, and the 
diameters dilate to compensate the hypoperfusion in the AD groups (with or without 
exercises). Another possible reason for the dilation of capillaries could be the occlusion of 
capillaries in AD due to amyloid deposition or inflammation (Arbel-Ornath et al. 2013; Park 
et al. 2008), as occlusion of vessels were shown to lead to vessel dilation in upstream 
capillaries in stroke disease (Nguyen et al. 2011). 
5.6.3 Reduced cerebral perfusion and functional responses in AD 
Using ISOI we measured the functional hemodynamic response to stimulation (Sheth et al. 
2005). Prior studies used ISOI to investigate pathological departures of neurovascular 
coupling in diseases such as focal epileptic seizures which exhibit an elevation in HBO 
(Schwartz et al. 2011). Other study applied ISOI and observed that functional connectivity 
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was compromised in patients with AD or even normal elderly with increased amyloid 
accumulation (Bero et al. 2012). Our results corroborate previous finding with a lower 
response amplitude in AD, suggesting neuro-vascular coupling changes. By contrast, the 
HBO response further increased with voluntary exercise, suggesting that exercise may 
increase the regional oxygen delivery efficiency in capillaries but not through global 
increases in CBF. This finding was supported with MRI results suggesting decreased overal 
cerebral perfusion in both AD groups.  
5.7 Conclusion 
Our study provides novel data regarding cerebral microcirculatory disturbances in AD as 
shown by the hemodynamic changes and the modulating effects of voluntary exercise on 
these hemodynamic alterations. Our work suggest potential therapy that could alleviate 
hemodynamic disruption observed in AD.  
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6.1 Abstract 
This study measured stimulus-evoked brain tissue oxygenation changes in a mouse model of 
Alzheimer disease (AD) and further explored the influence of exercise and angiotensin 
II-induced hypertension on these changes. In vivo two-photon phosphorescence lifetime 
microscopy was used to investigate local changes in brain tissue oxygenation following 
whisker stimulation. During rest periods, PO2 values close to the arteriolar wall were lower in 
the AD groups. The PO2 spatial decay as a function of distance to arteriole was increased by 
hypertension. During stimulation, tissue PO2 response had a similar peak response across 
groups. Post-stimulation dynamics of tissue PO2 was larger in AD groups (e.g., AD6 and 
ADH6) than in the controls (WT6 and WTH6). After a 3-month voluntary exercise period, 
some of these changes were reversed in AD mice. This provides novel insight into tissue 
oxygen delivery and the impact of blood pressure control and exercise on brain tissue 
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6.3 Introduction 
The brain requires oxygen to maintain its metabolic demand and normal function (Kisler et 
al., 2017; Sakadžić et al., 2014; A.L. Vazquez et al., 2010) while the dynamics of oxygen 
depends on neuronal vitality (Masamoto et al., 2003; A.L. Vazquez et al., 2010). Prior studies 
documented stimulus-evoked tissue oxygenation changes as a function of distance from 
feeding vascular sources (Devor et al., 2011), as a function of age (Moeini et al., 2019), 
during transient and sustained stimulation (Ances et al., 2001), and in healthy anesthetized 
rats (Alberto L. Vazquez et al., 2010). Nonetheless, these studies were all investigated in a 
normal brain, despite the fact that brain pathology and neurodegenerative diseases have long 
been recognized to compromise cerebral oxygenation (Iadecola, 2010, 2004).  
Here, we examine a model of Alzheimer’s disease (AD), since AD is a neurodegenerative 
disease involving neuron damage (Gaugler et al., 2018), which may further disrupt the 
neurovascular coupling in the brain and thus compromise delivery of oxygen and other 
nutrients to neurons (Iadecola, 2004; Kisler et al., 2017). While a subset of the AD pathology 
can be attributed to specific genetic variations, its onset in older population is in most cases 
associated with cardiovascular risk factors. Among vascular risk factors, hypertension 
exhibits a significant link with AD (Barnes and Yaffe, 2011). Recent evidence suggests that 
AD animal models, which co-express the KM670/671NL ‘Swedish’ mutated amyloid 
precursor protein (APP) and the Leu to Pro mutated presenilin-1 (APP-PS1), display faster 
progression of AD following the injection of angiotensin II to induce hypertension, as early 
as at the age of 4.5 months, through cerebral vasculature impairment (Diana Cifuentes et al., 
2015). While this work confirmed that vascular changes, induced by hypertension, 
accelerated AD progression, its role on oxygen delivery to tissue, a potential contributor to 
damage, was not explored. Hence, our work examines the potential modulating role of 
hypertension on tissue oxygen response to stimulation in AD models.  
As opposed to hypertension, regular physical training has been shown to reduce the risk of 
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cardiovascular disease and improve cognitive function (Hamer and Chida, 2008). Multiple 
mechanisms help explain the beneficial effects of exercise, including a control of age-related 
blood pressure elevation and aortic stiffness (Liu et al., 2014) and an alleviation of oxidative 
stress (Durrant et al., 2009). Thus, we also explored how exercise may modulate 
stimulus-evoked tissue oxygenation changes in the same AD model. 
Using two-photon phosphorescence lifetime microscopy, we quantified changes in tissue 
partial pressure of oxygen (PO2) in response to somatosensory stimulation. Our findings 
suggest altered tissue PO2 delivery and response to stimulation in AD pathology, and its 
combination with hypertension while exercise has the potential to modulate this disruption. 
These novel data provide insight into tissue oxygen changes associated with blood pressure 
control and exercise and their cross-talk with AD. 
6.4 Methods 
6.4.1 Animal preparation 
Animals were handled according to the Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines and the recommendations of the Canadian Council on Animal Care 
(CCAC). Experimental protocols were reviewed and approved by the ethics committee of the 
research center of the Montreal Heart Institute. Experiments were conducted on five mice 
groups: wild type mice at 6-month-old (C57BL/6J, WT6: N=8), transgenic Amyloid 
Precursor Protein Presenilin-1 (APP/PS1) mice at 6-month-old (AD6: N=8), APP/PS1 mice 
at 6-month-old for which voluntary exercise was initiated at 3-month-old (ADE6: N=8), 
hypertensive mice induced by infusing hypertensive doses of angiotensin II initiated at 
3-month old (WTH6: N=8), and mice with dual pathology of AD and induced hypertension 
(ADH6: N=8).  
Previous work (D. Cifuentes et al., 2015) showed a clear onset of cognitive deficit in APP/PS1 
mice at 4.5 months, and thus we anticipated that mice at 6-month-old should allow us to 
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explore oxygen delivery changes in early phases of disease progression. For the exercise group, 
mice started voluntary exercise on running wheels at 3-month-old and continued the exercise 
till 6-month-old when brain imaging was performed. The time interval of 3 months was 
sufficient to observe the effects of voluntary running (Adlard et al., 2005; Pedersen et al., 2016). 
In hypertensive mice, Angiotensin II was infused at a rate of 1000 ng/kg/min by the mini 
pumps a 3-month period. To alleviate pain, buprenorphine (at 0.1 mg/kg) was injected before 
the surgery.  
In preparation for two-photon imaging, a craniotomy was performed about ten days before 
measurements, following the procedure of (Shih et al., 2012). A transparent thin-skull window 
was created under anesthesia (2% isoflurane in pure oxygen) over the left barrel cortex. A 
titanium bar was fixed on the skull using dental cement to allow for fixation during surgery and 
imaging. The skull over the somatosensory area was then slowly thinned to transparency using 
a micro-drill (OmniDrill 35, World Precision, USA). Then a cover glass was attached to the 
thinned skull to form the imaging window. The edges of the window were sealed with dental 
cement to hinder bone growth. A small thinned region (~0.5mm) was left uncovered to allow 
for injection of phosphorescent dye PtP-C343 into tissue. During the surgery, mice were fixed 
on a system (LabeoTech, Canada) which allowed for monitoring of physiological parameters.  
6.4.2 Awake imaging 
All imaging was conducted in awake condition to avoid confounding effects from anesthesia 
(Schroeter et al., 2014). For two-photon phosphorescence lifetime imaging, mice were fixed 
on a 3-D printed and angled treadmill wheel allowing for free   movement of limbs whereas 
constraining the head via the titanium bar fixed on the skull (Moeini et al., 2018). To adapt to 
the fixation device, animals were trained on the imaging wheel in 4 sessions beginning 3 days 




   
 
6.4.3 Whisker stimulation 
Air puffs were utilized to stimulate the right whiskers of experimental animals via pulses of 
compressed air with a pressure of 25 psi, a frequency of 5 Hz, and a pulse width of 100 ms 
enabled by a pressure microinjection device. Each stimulation lasted for 5 seconds with 
interstimulus intervals of ~35 s. 
6.4.4 PtP-C343 probe 
The PtP-C343 probe was synthesized and prepared as described by (Finikova et al., 2008). It 
is a two-photon enhanced phosphorescent probe for oxygen imaging in which coumarin-343 
(C343) in the external circle of the probe acts as antennas to channel the excitation energy 
from two-photon to the PtP core via a process of Forster-type resonance energy transfer. This 
probe overcomes the conventional shortcomings of probes based on Pt and Pd porphyrins 
which are disadvantageous due to low two-photon absorption. The calibration plot for 
converting phosphorescence decay to PO2 values was acquired by titration experiments at 37 
oC and 7.2 pH (Rozhkov et al., 2002). 
6.4.5 Two-photon phosphorescence lifetime imaging of tissue PO2 response to 
stimulation 
Tissue PO2 response to stimulation was recorded using a custom-built two-photon laser 
microscope, as described in (Moeini et al., 2018). The MaiTai-XP laser oscillator (Newport 
corporation, USA) generated consecutive sequences of 820 nm, 80 MHz, 150 fs pulses which 
were gated by an acousto-optic modulator that allowed for “on” and “off” laser pulse periods 
for microsecond lifetime imaging. Each “on” period lasted for 25 us, and each “off” period 
lasted for 275 us. The “on” and “off” periods corresponded to periods of excitation of 
phosphorescence and recording for the lifetime of two-photon enhanced phosphorescent probe 
PtP-C343 (Finikova et al., 2008) in the brain tissue.  
101 
 
   
 
Photons emitted via phosphorescence were detected by a photomultiplier tube (PMT) with a 
filter centered at 680 nm, and the phosphorescence decays detected were averaged. 
Fluorescent light was transmitted through a filter centered at 520 nm and passed through the 
other PMT. The point measurements contained 10 points surrounding diving arterioles, up to 
a distance of 100 μm from the arteriole with an interval of 10 μm. At each sampling point, 
150 phosphorescence decays were imaged, and this sampling process was repeated for 600 
times for all stimulation cycles. For each PO2 measurement, a corresponding “reference” 
vascular image was acquired immediately after for co-registration of the PO2 measurements 
points in the vascular network. For all imaging planes, vessels with large diameters (40 to 
250 µm) (Auer, 2016) were manually graphed and labeled as arterioles or venules based on 
their unique attributes.  
6.4.6 Statistical analysis 
All image analysis was conducted using custom-designed algorithms in MATLAB. Averaged 
phosphorescence decay was converted in to tissue oxygenation value using the calibration 
curve of the corresponding probe (Moeini et al., 2018). The results are presented as bar plots 
(representing mean±s.e.m.). Statistical significance is denoted as: * p<0.05, ** p<0.01, ***, 
p<0.001. The sample size is provided in the figure legends. Comparisons across AD and/or 
hypertension groups were carried out using a two-way ANOVA, with mouse species (AD,WT) 
and condition (healthy/hypertension) as factors.  
6.5 Results 
6.5.1 Hypertension leads to faster PO2 decay from arterioles with distance 
To investigate PO2 delivery to tissue from arterioles, we imaged lines of PO2 measurements 
surrounding diving arterioles for each experimental group. Arterioles are known to contribute 
oxygen to tissue from previous studies (Devor et al., 2011; Sakadžić et al., 2014). As shown 
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in Fig. 6-1, we measured the behavior of the PO2 values as a function of radial distance from 
the corresponding sourcing arteriole. When comparing groups, a two-way ANOVA test 
showed a significant main effect of AD on tissue PO2 at rest. Tissue PO2 close to the arteriole 
wall was lower in the AD6 group (43.97±0.75 mmHg), when compared to the WT6 group 
(49.15±0.92 mmHg) and tissue PO2 close to the arteriole wall was lower in the ADH6 group 
(40.19±0.94 mmHg) when compared to the WTH6 group (42.52±0.76 mmHg) (Fig. 6-1b). 
Exercise had a potential modulating effect by elevating the tissue PO2, while hypertension 
slightly lowered the tissue PO2 at rest (Fig. 6-1b). Although tissue PO2 had decreasing trends 
with distance for all groups, the hypertensive ADH6 and WTH6 group saw faster spatial 
decay (Fig. 6-1c), with PO2 decreasing below longer-distance capillary bed tissue level. 
Measuring the total decrease between PO2 at the arterial wall and the longest distance values, 
we found a main effect of AD (Fig. 6-1d). During stimulation, the change in PO2 between 
stimulation and rest also decayed with distance from the arteriole (Fig. 6-1e), showing that 
stimulation induced larger changes in regions near arterioles than regions far from arterioles. 
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Figure 6-1. Tissue PO2 decay from arterioles was measured during rest and stimulation (0 – 5 
second) for all groups: WT6: wild-type (n=12 arterioles), WTH6: hypertensive WT (n=14 
arterioles), AD6: APP-PS1 (n=16 arterioles), ADH6: APP-PS1 with hypertension (n=17 
arterioles), ADE6: APP-PS1 with exercise (n=17 arterioles). a) Left panel: an example of the 
brain area (the yellow circle) where tissue PO2 was measured. Middle panel: corresponding 
zoomed vasculature image of the area. Right panel: an example of line point measurements 
from an arteriole (up to 100 μm from the arteriole). The color of the points denotes different 
levels of tissue PO2. b) Arteriole wall PO2 at rest for each group, estimated by points located 
within 10 μm from the arterioles during the rest period. c) Tissue PO2 decay vs distance 
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(20-90 μm) normalized to wall-PO2. d) PO2 decay during rest, estimated as (tissue PO2 with a 
distance of 90 μm - tissue PO2 with a distance of 10 μm). e) Difference of tissue PO2 between 
stimulation and rest as a function of distance (20-90 μm) from arterioles.  
6.5.2 The temporal tissue PO2 response to stimulation had a larger undershoot in AD  
We measured the time course of PO2 changes integrated over radial distance (an example is 
shown in Fig. 6-2a). Fig. 6-2b shows the time course of averaged tissue PO2 for all groups 
while Fig. 6-2c provides the same data normalized to baseline PO2. The WT6 and ADE6 
groups had higher averaged tissue PO2 values than other groups (i.e., AD6, WTH6, and 
ADH6) throughout the entire time course (see Fig. 6-2b). To better understand the PO2 
dynamics, we divided the time course into two periods: stimulation and post-stimulation. A 
comparison of PO2 values for the two periods are illustrated in Fig. 6-2d and 6-2e. During 
stimulation, a two-way ANOVA test did not show statistical differences in PO2 responses 
despite an increasing trend for the AD group (2.55±0.22 mmHg) and the group with dual 
pathology (2.58±0.22 mmHg) compared to the control group (2.26±0.16 mmHg). When 




   
 
  
Figure 6-2. Tissue PO2 response to stimulation for all groups. a) An example of a single time 
course of PO2 change during stimulation. The blue area represents the 5-second stimulation 
window. b) The time course of averaged tissue PO2 for each experimental group. c) The time 
course of Δ PO2 (PO2 – baseline PO2) for each group. d) Stimulation response magnitude for 
all groups, estimated as average response through 0-5 second from the stimulation onset. e) 
Absolute value of the post-stimulation dynamics estimated by points located 10-25 second 
from the stimulation onset.  
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6.6 Discussion 
The main objective of this work was to quantify alteration in tissue PO2 during neural activity 
in AD mouse models. We used two-photon phosphorescence lifetime microscopy to measure 
cerebral tissue oxygenation in both WT and AD mice, combined with hypertension and 
exercise. A prior study (Metzger et al., 2016) investigated the AD patients’ response to 
stimulation at the vascular level, quantifying level of oxygenated hemoglobin using the 
functional near-infrared spectroscopy (fNIRS) (Metzger et al., 2016). Our data provide 
unbiased high-resolution sampling of tissue oxygenation changes during neuronal activity in 
pathological condition of AD and hypertension. Stimulation of the mice whisker induced 
measurable increases in tissue PO2 throughout all experimental groups.  
The tissue PO2 decay surrounding arterioles 
The tissue PO2 decays observed in the tissue areas near a diving arterioles suggest that 
oxygen diffuses into the tissue from the sourcing arterioles across all groups (Fig. 1c and 1e). 
During rest, the AD group is associated with significantly larger tissue PO2 decay when 
compared with the healthy control (Fig. 1d). 
Based on the modified Krogh model of (Moeini et al., 2018), steeper gradients around 
arterioles could arise from reduced diffusivity of oxygen in tissue, which could arise from 
amyloid deposition, increased CMRO2 or decreased O2 delivery from the capillary bed. 
While we are unable to validate changes in oxygen diffusion, previous work (X Lu et al., 
2019; Xuecong Lu et al., 2019) has shown that AD is associated with a more heterogeneous 
oxygen delivery from capillaries. This effect was more pronounced in the hypertensive 
groups which saw large early decays with distance (Fig. 1c). A decreased diameter associated 
with blood pressure regulation and hypertrophy of the arteriolar wall could lead to both a 
reduction of the O2 diffusion surface and impede diffusion through the vascular wall 
(Baumbach and Heistad, 1989; Didion et al., 2005; Didion and Faraci, 2003; Faraco et al., 
2016; Kazama et al., 2004; Ryan et al., 2004). Likewise, changes in tissue PO2 during 
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stimulation also led to larger decay with distance in the group of dual pathology (Fig. 1e). 
Results on PO2 during rest suggest that hypertension could lead to increased PO2 decay 
compared to the healthy control and exacerbate the PO2 decay associated with AD, consistent 
with previous findings (Feihl et al., 2006; Gorelick et al., 2011; Pialoux et al., 2009) of the 
negative impact of hypertension on vasculature and oxygen supply. Meanwhile, the AD group 
which performed exercise had the trend of lower decay than the AD group during both rest 
and stimulation (Fig. 1c, 1d and 1e). The later data is in agreement with previous literature 
(Hamer and Chida, 2008; Radak et al., 2010) which consistently suggested the positive role 
of exercise on tissue oxygen supply in AD.  
The tissue oxygenation response during stimulation 
All experimental groups exhibited stimulus-evoked peak responses (Fig. 2b, Fig. 2c), 
suggesting that the “overshoot” pattern of tissue oxygen is maintained despite the presence of 
AD and hypertension. Prior studies (Devor et al., 2011; Masamoto et al., 2003) showed that 
neural activation triggered a tissue PO2 increase accompanied with cerebral blood flow 
increase in wild-type mice, which may serve to prevent oxygenation drop during neuronal 
activity or at locations remote from vascular feeding source. This general pattern of PO2 
increase in response to stimulation was preserved in all groups in our study. The magnitude of 
the PO2 increase in response to stimulation had increasing trend in the AD group and the 
group with dual pathology (Fig. 2d) but no significant differences were seen. On the other 
hand, the AD group had higher post-stimulus undershoot compared with the healthy controls 
(Fig. 2e), this could be correlated to changes in neurovascular coupling and the hemodynamic 
response with AD, and further studies are needed to elucidate the origin of this difference.  
6.7 Conclusion 
Direct assessment of tissue PO2 response to functional stimulation could be useful in 
analyzing how the brain suffers from oxygen supply disruptions in neurogenerative diseases 
such as AD and how vascular factors (e.g. hypertension) and lifestyle changes (exercise) 
108 
 
   
 
could influence the oxygenation response. Our data provides insights into tissue oxygen 
parameters through which the impact of blood pressure control and exercise on the brain can 
be quantified. It may help define a role for oxygen delivery in the progression of AD.  
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CHAPTER 7 GENERAL DISCUSSION 
This chapter reviews the objectives introduced in chapter 1 and responds to the validation of 
the hypotheses based on the results of the three peer-reviewed articles presented in chapter 4, 
5 and 6.  
7.1 Objective 1 
The first objective of this research was to monitor the changes of brain tissue oxygenation in 
a mouse model of AD and explore the modulating effect of voluntary exercise on 
oxygenation. Accordingly, we hypothesized that brain tissue oxygenation is compromised by 
the onset of AD, expressed by attenuated tissue PO2, the presence of hypoxia, and 
heterogeneity of tissue PO2, and that exercise could modulate the tissue oxygenation 
alteration in AD, thus alleviating the oxidative stress in the mouse model of AD.  
In first article, we did find AD-related decreases in tissue PO2 in the mouse cortex using 
two-photon phosphorescence lifetime measurements in vivo and in awake condition. Our key 
findings include a decrease in average tissue PO2 with the onset of AD, higher spatial 
heterogeneity of tissue PO2 with AD, a modulatory effect of voluntary exercise by increasing 
average tissue PO2 and decreasing the spatial heterogeneity of tissue oxygenation and 
reducing the frequency of hypoxia in the AD, a decrease of total blood flow in AD which was 
also reversed by exercise, and a dose-response relationship between running distance and 
brain oxygenation / blood flow.  
To verify these hypotheses, we developed a technique to image cerebral oxygenation in 
awake conditions, thus eliminating the effects of anesthesia, since anesthesia may affect 
physiological parameters, such as oxygen, in the experimental subjects (Schroeter et al., 
2014). In our experiments, we used an angled-wheel through which mice could walk, while 
their heads were fixed below the two-photon microscope for imaging. We designed training 
sessions for the mice to adapt to the angled-wheel such that the animals were under minimum 
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stress when used for imaging.  
Our article suggests that although AD leads to compromised brain oxygenation, voluntary 
exercise could preserve neurovascular coupling and potentially slow the rate of 
neurodegeneration in patients at risk of AD.  
7.2 Objective 2 
The second objective is to quantify the changes in capillary RBC dynamics with AD and the 
modulation of exercise on cerebral capillaries in AD. Accordingly, we hypothesized that 
capillary hemodynamic changes are associated with the presence of AD and that exercise 
could play a modulating role on the alterations of capillary RBC dynamics in the mouse 
model of AD.  
In the second article, we found that blood flow was significantly reduced in AD group, 
partially increased with exercise. RBC velocity was decreased with AD, which could lead to 
compromised perfusion in the mice cortex and compromised clearance of  beta-amyloid in 
brain. Hematocrit was reduced with AD, partially increased by exercise. These microvascular 
changes observed suggest that AD does share many similar microvessel disruptions with 
cardiovascular pathologies and aging, disruptions that could be alleviated by exercise, as the 
case in other cardiovascular diseaseas.  
This article also suggests that RBC properties, such as velocity and flux, were branch order 
dependent. In particular, RBC velocity and flux largely decreased from the upstream 
capillaries to the downstream capillarie, suggesting possible occlusion in capillaries. 
Functional hemodynamic response to stimulation was also disrupted in AD, and reversed by 
exercise. ISOI data suggests that AD mice had weaker oxy-hemoglobin response to 
stimulation, which could be improved by exercise.  
In general, this study provides novel insights into the hemodynamic mechanisms of cerebral 
microcirculatory disturbances in AD and the benefits of voluntary exercise on these 
hemodynamic changes. Our work suggests the potential theraputic target for alleving the 
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microvascular compromise in AD via lifestyle changes of exercise.   
7.3 Objective 3 
The third objective was to investigate the stimulus-evoked tissue oxygenation changes in the 
model of AD and further examine modulating factors, including exercise and hypertension 
for these changes. Accordingly, we propose that the stimulus-evoked tissue oxygenation 
changes differ in AD mice and control mice and that hypertension and exercise may modulate 
these changes in opposite directions.  
Our data, for the first time to our knowledge, provide information of tissue oxygenation 
change during neuronal activity in pathological condition of AD and hypertension. All 
experimental groups exhibited “overshoot” patterns of tissue oxygen, while the magnitude of 
the PO2 increase in response to stimulation was significantly higher in the group with both 
AD and hypertension, which may serve as a response toward deteriorated tissue hypoxia 
under elevated neuronal activity. AD is associated with an attenuated baseline tissue PO2, an 
attenuation worsened by hypertension and reversed by exercise. This finding extends the first 
article of average tissue oxygenation state under resting state. Hypertension could exacerbate 
the attenuated baseline PO2 in AD, in agreement with previous findings of the negative 
impact of hypertension on vasculature and oxygen supply. The AD group took longer time for 
its response to increase during the stimulation periods, with the time further prolonged by 
hypertension, suggesting slower response toward stimulation.  
These novel data provide insight into tissue oxygen parameters through which the impact of 
blood pressure control and exercise on the progression of AD can be quantified 
simultaneously for further clinical studies. Our results also offer insights for functional 
imaging techniques which depend on oxygen response toward neuronal stimulation.  
7.4 Limitations and future studies 
Despite the novel insights provided by these studies, there are several limitations regarding 
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the experimental animals, the imaging techniques, and the data collection.  
Firstly, there are limitations with the use of experimental animals used in our studies. 
Although the transgenic mice carrying mutant amyloid precursor protein and presenilin 
1(APP-PS1) transgenes used in our studies have been well-established as an AD model and 
have been used in numerous studies (Götz et al., 2018; Hernández et al., 2019; Holcomb et al., 
1998), our studies do not consider alternative AD animal models (e.g., 5xFAD mice which 
express human APP and PSEN1 transgenes with a total of five AD-linked mutations). Some 
of our findings could be specific to the model and future studies may image cerebral 
oxygenation in different types of AD mouse models (Götz et al., 2018), which will help 
improve the robustness and ensure the generalizability of our results. Additionally, the mice 
used in our studies were males. Prior studies (Hirata-Fukae et al., 2008; Howlett et al., 2004) 
documented that female mice were associated with more extensive amyloid deposition than 
male mice, and thus our sample did not represent female subjects with AD. Future studies 
may use both female and male subjects for the imaging of cerebral oxygenation to provide 
information for both sexes.  
Secondly, there are limitations with the imaging technique. In the first article, although 
cerebral tissue oxygenation was quantified in vivo in awake condition, the amyloid plaques 
were quantified ex vivo, limiting our capacity to analyze the connection between cerebral 
tissue oxygen and the level of amyloid deposition. A previous study (Michaud et al., 2013) 
adopted a Congo Red dye to stain amyloid aggregates and imaged amyloid deposition in vivo 
using two-photon microscopy. Future work may combine the advantage of our two-photon 
phosphorescence laser microscopy and the Congo Red dye to quantify cerebral tissue oxygen 
and amyloid deposition in AD animal models in vivo simultaneously. Comparison of amyloid 
deposition between hypoxic area and normal tissue area could be conducted to examine the 
relationship between cerebral tissue oxygen and the accumulation of amyloid beta. In the 
second article, capillary blood flow properties were quantified, while the information of 
cerebral tissue oxygenation was omitted. Future study may improve the imaging technique to 
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quantify capillary flow and tissue oxygenation simultaneously, which provide information on 
potential changes of the connection between cerebral blood flow and tissue oxygenation in 
AD. In the third article, our study was limited by not quantifying CBF during stimulation in 
AD models. Quantifying CBF and cerebral oxygenation simultaneously would enable 
measurement of tissue oxygen consumption during stimulation (Devor et al., 2011; Moeini et 
al., 2019), offering unprecedented opportunities for our understanding of cerebral metabolism 
changes in AD. Future work may set up a multimodal microscope combining two-photon 
imaging and OCT. To take full advantage of each imaging modality, separate scanning arms 
and probing optical beams need to be combined into the same microscope objective 
(Sakadžić et al., 2014).   
Thirdly, our data collection was cross-sectional. Specifically, data collection was conducted 
only once in each experimental group. Given that AD is sporadic in the early stage, 
longitudinal data regarding the progressive change of cerebral oxygenation plays a key role in 
understanding the development of the disease. To achieve longitudinal data collection, 
long-term optical cranial windows have been suggested to support two-photon microscopy 
imaging (Desjardins et al., 2019). These long-term windows provide opportunities for 
sampling oxygenation parameters repeatedly in the same animal over days to weeks and 
months (Berthiaume et al., 2018). Future work may consider longitudinal in vivo two-photon 
imaging of cerebral oxygenation in AD animal models, which will enable us to understand 
how cerebral oxygenation is compromised over time.  
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CHAPTER 8 CONCLUSION 
This thesis aimed to explore cerebral oxygenation by exploiting two photon phosphorescence 
microscopy for better spatial and temporal resolution of oxygen. The two-photon technique 
was also complemented by other imaging techniques, including ISOI, MRI, and OCT to 
provide information on cerebral oxygenation alteration in AD.  APP-PS1 mice were used in 
all experiments, and this type of mice have been shown to develop early syptoms of AD at 
around 4.5 months of age.  
The first endeavor showed that cerebral average tissue PO2 decreased with the onset of AD, 
suggesting compromised oxygen state in AD mice. Reduced average tissue PO2 was 
associated with the presence of small near-hypoxic areas, which may threaten cell survival. 
Ex vivo staining also confirmed more amyloid-β (Aβ) deposits in AD. However, these 
alterations in AD could be alleviated by exercise. Interestingly, there is a dose-response 
relationship between running and cerebral tissue oxygenation, suggesting the benefits of 
active lifestyle.  
The tissue oxygenation state is highly influenced by the cerebral blood flow to supply oxygen 
to tissue. In the second attempt, capillary hemodynamics was explored in AD mice, given the 
fundamental role of capillaries in the oxygen transport to tissue. Our data show that 
hemodynamic properties, such as velocity and hematocrit, were reduced with AD, and that 
exercise counter-acted to re-establish homeostatis. The oxygen-hemoglobin response in 
capillaries was also compromised in AD, although improved by exercise.  
Given that cortex is an energy-demanding region in the brain due to neuronal activity during 
cognitive tasks, investigating the oxygenation state under stimulation is essential, as neurons 
may demand more oxygen and nutrients with elevated activity. Thus, the last paper aimed to 
explore the stimulus-evoked tissue oxygenation changes in the model of AD and further 
explore the modulating factors including exercise and hypertension for these changes. Our 
results showed that lower baseline tissue PO2 value in the AD group, exacerbated by 
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hypertension while reversed by exercise, and more fluctuations of oxygenation state under 
stimulation in AD.  
Overall, these studies suggest that compromised brain oxygenation is potential biomarker AD, 
with the exercise having potential to preserve cerebral oxygenation while hypertension 
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